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Lycophytes and ferns were the earliest groups of land plants that developed 
vascular tissue (i.e. xylem and phloem). Ferns have been relatively abundant 
in the fossil record of the Carboniferous period to the present. With 
approximately 10,600 species, they are a very diverse group of land plants. 
Ferns are spore-producing vascular plants and are the closest relatives to the 
seed plants (Figure 1.1) (Eames, 1936; Foster and Gifford, 1959; Pryer et 
al., 2001). 
Figure 1.1. Phylogenetic relationships among the major groups of the land plants (based on 
Qiu et al., 2007 and Shaw et al., 2011).
 With the exception of water ferns (i.e. Salviniales), the majority 
of ferns are homosporous. Their life cycle (Figure 1.2) is heteromorphic 
digenetic consisting of two alternating and morphologically different 
growth forms that are generally free-living: the gametophyte and the 
sporophyte. Gametophytes, which have a reduced number of chromosomes, 
are small, photosynthetic, mostly flat, and heart-shaped structures (see 
Figure 3.1A) that are anchored into the substrate by numerous rhizoids. 
Most gametophytes are hermaphroditic bearing both sperm-producing 
antheridia and egg-producing archegonia. The sporophyte, on the other 
hand, generally has an unreduced number of chromosomes. The young 
sporophyte first receives nutrients from the gametophyte but soon develops 
into an autonomous plant. Each growth season or continuously, the rhizome 
or stem of the sporophyte produces a new set of leaves. Ferns have leaves 
or fronds, i.e. macrophylls (Figure 1.3), which generally consist of a petiole, 
or stipe, and a lamina with a rachis. The lamina displays a broad variety 
of shapes from simple or finely divided into leaflets or pinnae. The pinnae 
may be further divided into pinnules. Sporangia usually cluster together in 
sori at the lower surface of the fertile fronds. Sori are sometimes covered 
by indusia, enclosing structures that protect the developing sporangia. New 
fronds are formed as coiled fiddleheads or croziers that are characterized by 
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Figure 1.2. Fern life cycle with the development of the gametophyte and sporophyte (Raven, 
2013). 
Figure 1.3. Morphology of a fern leaf, indicated on a C-Fern leaf.
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circinate vernation. Croziers uncoil as a result of differential growth, i.e. a 
more rapid growth of the abaxial side of the frond during early development. 
Croziers and rhizomes are usually covered with hairs and/or scales (Bower, 
1963).
 Before the advent of molecular studies, ferns and lycophytes were 
grouped together as ‘pteridophytes’ or ‘ferns and fern allies’ (i.e. Psilotum 
Sw., Equisetum L., Lycopodium L.) (Eames, 1936; Foster and Gifford, 1959; 
Pryer et al., 2004). This grouping, however, is paraphyletic and therefore 
the term ‘Monilophyta’ was introduced to designate the ferns s.l. excluding 
the lycophytes (Pryer et al., 2004). Recent phylogenetic studies provided 
more evidence that Monilophyta indeed represent a monophyletic group. 
Within the extant Monilophyta, four subclasses are currently recognised, 
Equisetidae (horsetails), Ophioglossidae, Marattiidae, and Polypodiidae 
(leptosporangiates) (Ruggiero et al., 2015; PPGI, 2016). These subclasses 
are further subdivided into 11 orders with approximately 10,600 fern species 
(Smith et al., 2006; Christenhusz et al., 2011b; Christenhusz and Chase, 
2014; PPGI, 2016). In this dissertation, I will use the term ferns when 
referring to Monilophyta. 
This dissertation will mainly focus on two fern genera: Equisetum L. (Figure 
1.4A) and Ceratopteris Brongn. (Figure 1.4B). The subclass Equisetidae or 
horsetails consists of one living herbaceous genus with 15 species, and with 
Equisetum fluviatile L. as the lectotype species (PPGI, 2016). The genus 
occurs worldwide and is widespread in moist or damp habitats. Within the 
genus, two subgenera are described based on the position of the stomata. E. 
subg. Equisetum has stomata situated in the same plane as the epidermis, 
while E. subg. Hippochaete has sunken stomata (Ogura, 1972). The anatomy 
of Equisetum is atypical in comparison to other ferns (Eames, 1909; Foster 
and Gifford, 1959; Ogura, 1972; Leroux et al., 2011a). The plants have 
jointed stems and small, scale-like, mostly non-photosynthetic leaves that 
are whorled at the nodes. Branches appear laterally at the nodes, alternating 
with the leaves. The internodes are ribbed and contain a pith cavity (Hauke, 
1990). In some species, the strobili are formed at the tips of the vegetative 
stems, while others develop separate fertile stems with the strobili appearing 
before the vegetative stems in early spring (Raven, 2013). 
 Ceratopteris is a genus of leptosporangiate ferns and belongs 
to the family Pteridaceae (Tryon et al., 1990). Six species are recognized 
and Ceratopteris thalictroides (L.) Brongn. is designated as the lectotype 
species (Brongniart, 1823; PPGI, 2016). The genus is found in most tropical 
and subtropical areas of the world, where they grow as aquatic or sub-
aquatic plants. Ceratopteris is sold on the local markets in Southeast Asia as 
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GNETALES
The order Gnetales consists of three extant genera, i.e. Ephedra L. (Figure 
1.5A), Gnetum L. (Figure 1.5B), and Welwitschia Hook.f. (Figure 1.5C), 
which may display both gymnospermous and angiospermous features 
(Pearson, 1929; Martens, 1971; Gifford and Foster, 1989; Kubitzki, 1990; 
Price, 1996). Gnetales are characterised by (1) the arrangement of functional 
reproductive units in compound strobili, (2) the presence of envelopes 
around the ovules and the antherophores, (3) the presence of a micropylar 
projection of the integument which produces a pollination droplet, (4) the 
presence of vessels in secondary xylem, (5) the occurrence of striate pollen, 
A B
Figure 1.4. A. Equisetum arvense. B. Ceratopteris richardii ‘C-Fern’.
a food source and worldwide as an aquarium plant under the common name 
‘water sprite’. In contrast to most homosporous ferns, which are perennial, 
Ceratopteris is short-living. The fronds are dimorphic in appearance: the 
first developing fronds are sterile and simple to three-lobed, whereas the 
consecutive fronds are dissected and eventually fertile. Sporangia are 
located along the ventral edges of fertile fronds and are covered with a false 
indusium, i.e. extension of the leaf margin that overlaps the sorus (Hickok 
et al., 1995). A specially derived cultivar of Ceratopteris richardii Brongn., 
i.e. C-Fern, offers several unique opportunities for studying biological 
processes and is therefore widely used as a fern model system (see Chapter 
2).
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and (6) the presence of non-lignified fibres (Rodin, 1958, 1967; Martens, 
1971; Kubitzki, 1990; Tomlinson, 2003; Tomlinson and Fisher, 2005; 
Simpson, 2006; Zwieniecki and Boyce, 2014; Montes et al., 2015).  
 In addition, the three extant genera display an extraordinary 
morphological diversity. The genus Ephedra consists of approximately 54 
species, which are widely distributed in Old and New World deserts, semi-
deserts, desert steppes, and in seasonally dry habitats (Stapf, 1889; Freitag, 
2010; Ickert-Bond and Renner, 2016). Most of the species are perennial 
and dioecious shrubs and only a few species are climbers or small trees 
(Kubitzki, 1990; Price, 1996; Freitag, 2010; Ickert-Bond and Renner, 2016). 
They have photosynthetic stems with scale-like leaves. Plants of the genus 
Ephedra have been traditionally used for medicinal purposes due to the 
presence of ephedrine. There are approximately 40 Gnetum species (Ickert-
Bond and Renner, 2016). The genus is pantropical and is most common in 
mesic habitats (Markgraf, 1930; Kubitzki, 1990; Price, 1996; Ickert-Bond 
and Renner, 2016). Most species are large, woody climbers and only G. 
gnemon L. and G. costatum K.Schum. are arborescent (Markgraf, 1930; 
Price, 1996). The leaves of Gnetum resemble the simple leaves of dicots 




Figure 1.5. A. Ephedra distachya subsp. helvetica. B. Gnetum gnemon. C. Welwitschia 
mirabilis subsp. mirabilis.
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Renner, 2016). Seeds and leaves of several Gnetum species can be eaten 
and the fibres from the bark are used for making ropes and fishing nets. The 
genus Welwitschia consists of a single species, i.e. Welwitschia mirabilis 
Hook.f., which is endemic in the Namib Desert of Namibia and Angola 
(Markgraf, 1926; Pearson, 1929; Martens, 1971). Welwitschia is a dioecious 
plant with two large strap-like leaves that grow indefinitely (Sykes, 1911; 
Pearson, 1929; Martens, 1971; Bornman, 1978; Gifford and Foster, 1989). 
 The exact phylogenetic position of the Gnetales within the 
living seed plants is still debated (Mathews, 2009; Mathews et al., 2010; 
Christenhusz et al., 2011a; Ickert-Bond and Renner, 2016) as early 
studies based on morphology placed the Gnetales as a sister group of the 
angiosperms (Doyle, 1996), while more recent molecular evidence suggests 
that they are more closely related to gymnosperms (Winter et al, 1999; Bowe 
et al., 2000; Chaw et al., 2000; Soltis et al., 2002; Wang, 2004; Zhong et al., 
2010). Moreover, while some studies place the Gnetales within the conifers 
as a sister group of the family Pinaceae (Braukmann et al., 2009), others 
have placed it as a sister group to the Coniferales (Chaw et al., 1997, 2000; 
Wickett et al., 2014). 
 In this dissertation the species Ephedra distachya subsp. helvetica 
(C.A.Mey.) Asch. & Graebn., Gnetum gnemon, and Welwitschia mirabilis 
subsp. mirabilis were studied. 
PLANT CELL WALLS
Cell walls distinguish plant cells from animal cells. They are complex and 
dynamic structures that play many essential roles during plant growth and 
development. They protect plants against various kinds of abiotic (e.g., 
drought stress) and biotic stresses (e.g., bacterial and fungal infections). 
In addition, plant cell walls are of great economic importance. Cell wall 
polysaccharides are the main constituents of fibres, which are used in the 
production of textiles, paper as well as timber products and biofuel (Doblin 
et al., 2010). Due to their enormous physico-chemical variation, cell walls 
are also widely exploited in the food industry, with pectins employed as 
gelling agent, as the best-known example. The broad range of economic 
uses makes plant cell walls a relevant research field. 
 New cell walls are formed during cytokinesis. During this process, 
a cell plate is formed, a thin wall positioned between the two daughter nuclei 
(Albersheim et al., 2011). The cell plate is assembled by the phragmoplast, 
which is surrounded by numerous Golgi stacks. These Golgi stacks 
produce vesicles that are transported along microtubules to the centre of the 
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phragmoplast, where the vesicles fuse to form the cell plate. These vesicles 
carry pectic polysaccharides, xyloglucan, proteins, and callose to the cell 
plate. The cell plate extends toward the edges until it finally fuses with 
the mother cell wall. When the partition is complete, callose is removed 
and cellulose is deposited on each face of the cell plate, representing two 
separate walls, each belonging to one the daughter cells (Albersheim et al., 
2011). The cell plate develops into the middle lamella.
Cell wall composition
Cellulose is the main structural component in almost all cell walls and it is 
supplemented by a diverse set of other polymers, such as hemicelluloses 
or non-cellulosic cross-linking polysaccharides (e.g., xyloglucan, mixed-
linkage glucan, heteroxylan, and heteromannan) and pectins (e.g., 
homogalacturonan, rhamnogalacturonan I and II) (Cosgrove, 2005; 
Knox, 2008; Burton et al., 2010; Doblin et al., 2010, 2014). The chemical 
composition of plants cell walls depends on plant species, cell type and 
location, developmental stage, and history of responses to biotic and abiotic 
stress (Carpita et al., 2001; Trethewey and Harris, 2002). 
Figure 1.6. Schematic representation of the main polysaccharides found in plant cell walls 
(adapted from Doblin et al., 2010).
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 The three (traditionally recognised) categories of cell wall 
polysaccharides and the monosaccharide residues of which they consist 
are shown in Figure 1.6 (Doblin et al., 2010) and will be discussed below. 
The cell wall component, which is present in almost all cell walls of land 
plants, is cellulose. It is a linear polysaccharide consisting of 1→4-β-linked 
glucose residues (Figure 1.6A). The 1→4-β-linked glucoses are held 
together by hydrogen bonds, which results in the formation of cellulose 
microfibrils (Somerville, 2006; Albersheim et al., 2010; Doblin et al., 2010). 
One cellulose microfibril contains 30 to 50 1→4-β-linked glucoses and has 
a diameter of three to five nanometer. Cellulose microfibrils have crystalline 
and amorphous regions and the degree and distribution of these regions affect 
the physical properties of the cell wall (Albersheim et al., 2010). In addition, 
changes in the orientation and organisation of the cellulose microfibrils may 
affect cell shape, cell growth, and the overall mechanical performance of 
cell walls.
 A second set of cell wall polysaccharides are traditionally referred 
to as ‘hemicelluloses’, of which the main representatives are xyloglucan, 
heteroxylan, heteromannan, and mixed-linkage glucan. The primary role 
of hemicelluloses is interacting with other polymers to ensure the physical 
properties of the wall. They regulate the extensibility of cell walls by forming 
hydrogen bounds to cellulose microfibrils. Furthermore, hemicelluloses can 
also function as seed storage carbohydrates (Scheller and Ulvskov, 2010). 
Xyloglucan has a cellulose-like backbone of 1→4-β-glycosyl residues that 
are substituted with short side chains of various combinations of xylosyl, 
galactosyl, fucosyl, and arabinosyl residues (Figure 1.6B) (Albersheim et 
al., 2010). These side chains vary in frequency and structure depending on 
the tissue and plant species (Fry et al., 1993; Peña et al., 2008). Since the 
combinations are numerous, a specific xyloglucan nomenclature is employed 
to describe the oligosaccharides that can be substituted to the backbone (Fry 
et al., 1993; Franková and Fry, 2012). Xyloglucan makes cell walls more 
flexible and soluble since the xylosyl side chains prevent hydrogen bonding 
(Doblin et al., 2010). 
Heteroxylans have a backbone of 1→4-β-linked xylosyl residues (Figure 
1.6C). Ten percent of the residues is substituted by side chains of α-L-
arabinofuranosyl, α-D-glucuronic acid, or a combination of both, which 
results in arabinoxylans, glucuronoxylan, and glucuronarabinoxylans 
respectively. The position and amount of side chains influences the structural 
interactions within the cell walls (Albersheim et al., 2010; Doblin et al., 
2010). 
Heteromannans are linear 1→4-linked polysaccharides comprised of 
glucosyl and mannosyl residues (Figure 1.6D) (Albersheim et al., 2010). 
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Glucomannans have few if any side chain substitutions. They can function 
as an energy source but can also play a structural role by giving extremely 
hard physical characteristics to seed coats. Galactomannans are implicated 
in water retention and prevent desiccation of seed embryos (Albersheim et 
al., 2010).
Mixed-linkage glucans or (1→3, 1→4)-β-D-glucans (MLG) (Figure 1.6E) 
are found in cell walls of some plant groups, e.g., Poaceae. This polymer 
will be discussed more in detail further below. 
 The third and final category is comprised of pectins, a complex 
polysaccharide of acidic sugars that are hydrophilic and contribute to the 
hydration of cell walls and regulate porosity (Raven, 2013).
Homogalacturonan is a homopolysaccharide that consists of only one kind 
of monosaccharide, which is 1→4-α-galacturonic acid (Figure 1.6F). Up 
to 70% of the carboxyl groups of the chain can be methyl-esterified. The 
degree of methyl-esterification depends on plant species and tissue type 
(Albersheim et al., 2010; Doblin et al., 2010). Homogalacturonans are gel-
forming polysaccharides and the mayor players in gel formation are the 
non-esterified homogalacturonan regions. They form gels by calcium cross-
linking bridges between adjacent non-esterified homogalacturonan regions 
of two chains. At least seven calcium cross-links are necessary for the 
formation of a stable calcium junction zone (Albersheim et al., 2010). Non-
esterified homogalacturonans are mostly found in the middle lamella and 
cell corner regions. In these regions, gel formation is the most important. 
High methyl-esterified homogalacturonans also have the ability to form 
gels. In this case, the chains are not held together by calcium cross-linking 
bridges but by hydrogen bonds and hydrophobic interactions (Albersheim 
et al., 2010). However, not much is known about this type of gel formation. 
Rhamnogalacturonan I consists of a backbone composed of alternating 
rhamnose and galacturonic acid (Figure 1.6G). Of the rhamnose residues, 
50% is substituted with linear or branched side chains containing 
L-arabinosyl-, D-galactosyl-, L-fucosyl, and D-glucosyluronic acid residues. 
There are no side chains substituted to the galacturonic acid residues. 
Rhamnogalacturonan I is very heterogeneous, which can be explained by 
the variability in side chains (Albersheim et al., 2010; Doblin et al., 2010).
Rhamnogalacturonan II is a very complex and highly-branched 
polysaccharide with a short homogalacturonan backbone with aldo- 
and keto-sugar containing oligosaccharide side chains (Figure 1.6H). 
The major components are galactosyluronic and rhamnosyl residues. 
However, 11 different monosaccharides have been identified, which 
makes rhamnogalacturonan II one of the most complex polysaccharides 
(Bacic, 2006; Mohnen, 2008; Albersheim et al., 2010; Doblin et al., 2010). 
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Rhamnogalacturonan II occurs mainly as a dimer that is cross-linked by a 
single borate diester (O’Neill et al., 2004). Comparable amounts of borate 
cross-linked rhamnogalacturonan II are present in the walls of angiosperms, 
lycophytes, and ferns and the glycosyl sequence of rhamnogalacturonan II 
has remained unchanged in all vascular plants (Matsunaga et al., 2004).
Cell wall types
In literature and over time, different cell wall classifications have been 
proposed. First, cell walls have been classified into two main types based on 
chemical composition and time of development, i.e. primary and secondary 
cell walls (Bacic et al., 1988; Carpita and Gibeaut, 1993). Furthermore, 
primary cell walls have been classified into three types (Carpita and Gibeaut, 
1993; Silva et al., 2011). 
 All plant cells have a primary cell wall that is formed during cell 
division. The primary cell walls of two adjoining plant cells are connected 
by the middle lamella. They are relatively thin and flexible and contain 
approximately 20% to 30% of cellulose. The cellulosic framework of the 
primary cell wall is embedded in a matrix of non-cellulosic polymers, 
including hemicelluloses, pectins, and (glyco-)proteins (Figure 1.7). 
Figure 1.7. Schematic representation of the primary cell wall model (Scheller and Ulvskov, 
2010).
In this ‘tethered network model’, xyloglucans are thought to be the polymers 
that coat the cellulose surfaces. Recently, the tethered network model was 
challenged by the discovery of an Arabidopsis thaliana (L.) Heynh. double 
mutant (xxt1/xxt2), which lacks detectable xyloglucan but shows no severe 
growth defects (Cavalier et al., 2008; Park and Cosgrove, 2012; Cosgrove, 
2014). As xyloglucan is absent, other cell wall components most likely 
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compensate for the lack of the latter polymer. The prime candidates to take 
over the role of xyloglucan are thought to be pectins and arabinoxylans (Park 
and Cosgrove, 2012). The results obtained by Park and Cosgrove (2012) 
point towards a shared load-bearing function by xyloglucan, pectins, and 
arabinoxylans, instead of a cellulose network cross-linked by xyloglucan 
(i.e. the tethered network model).
 Although there is a high degree of chemical variation in terms of 
cell wall composition across land plants, a total of three types of primary 
cell walls were put forward by Carpita and Gibeaut (1993) and Silva et 
al. (2011). Type I is found in gymnosperms, dicots, and non-commelinid 
monocots. The cell walls of type I are pectin-rich and have xyloglucan as 
main crosslinking glucan. Type II cell walls are only found in commelinid 
monocots. This type is characterised by glucuronoarabinoxylan as principal 
crosslinking glucan and low amounts of pectin (Carpita and Gibeaut, 1993). 
The third type was described by Silva et al. (2011) and is typical of ferns and 
lycophytes. It is a mannan-rich and pectin-poor cell wall type.
 The secondary cell wall, when present, is deposited on the inner 
surface of the primary cell wall after cell expansion has ceased. It provides 
plant cells with structural stability, especially in tissues involved in water 
transport or mechanical support. Secondary cell walls contain high amounts 
of cellulose (up to 50%) compared to primary cell walls, while pectins are 
almost absent. The matrix of secondary cell walls therefore mainly consists 
of hemicelluloses. Based on the orientation of the cellulose microfibrils, 
three distinct layers are found in the secondary cell walls of xylem vessels 
and tracheids; i.e. S1 (outer layer), S2 (middle layer), and S3 (inner layer) 
(Figure 1.8). The microfibrils in S1 and S3 are nearly transverse to the main 
axis of the cell, while those in S2 are longitudinal. By varying the orientation 
of the microfibrils, strength can be maintained in multiple directions, since 
the tensile strength is the greatest parallel to the microfibrils (Albersheim 
et al., 2010). This laminated structure in combination with the fact that the 
cellulose microfibrils are laid down in a denser pattern than in the primary 
cell walls increases the strength of the cell wall. Other types of secondary 
cell walls, such as those found in collenchyma cells, some sclerenchyma 
cells, or in the thickened regions of the epidermal and cortical parenchyma 
cells are polylamellate, which leads to high degrees of structural order. The 
cell walls have a helicoidal architecture in which the successive lamellae 
in the wall are rotated by a small fixed angle. Helicoidal walls are stronger 
and are able to withstand stresses in different directions (Albersheim et al., 
2010). Many secondary cell walls with a supporting or mechanical function 
often contain large amounts of lignin. Lignin is a complex phenolic polymer, 
which consists of hydroxyphenyl- (H), guaiacyl- (G) and/or syringyl-
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FERN CELL WALLS
Due to their minor economic importance, fern cell walls have not received 
a lot of attention compared to those of other vascular plant groups. As a 
consequence, little is known about their chemical and structural composition. 
Current available knowledge is mainly based on biochemical analyses and 
antibody-based cell wall research. Several monoclonal antibodies that were 
designed to detect angiosperm cell wall polysaccharides were shown to 
recognise epitopes in fern cell walls (Popper, 2006; Leroux et al., 2015). 
Primary fern cell walls consist of high amounts of mannan, but the relative 
proportions differ between leptosporangiate and eusporangiate ferns (Popper 
and Fry, 2003, 2004; Popper, 2006). While eusporangiate ferns contain high 
amounts of mannan and low amounts of tannins, leptosporangiate ferns 
contain lower amounts of mannan and higher amounts of tannins (Popper 
and Fry, 2003, 2004). Mannans are most likely the dominant hemicellulose 
in the secondary cell walls of ferns (Leroux et al., 2015). The presence 
of xylans has also been reported for secondary cell walls (Timell, 1962; 
Carafa et al., 2005). There is also evidence that pectic homogalacturonans 
are present in the cell walls of all ferns (Bailey and Pain, 1971; Popper and 
Fry, 2003). Low methyl-esterified homogalacturonans are more abundant 
than high-esterified homogalacturonans (Leroux et al., 2015). Most ferns 
contain lignin that mainly consists of guaiacyl-units (Sarkanen and Hergert, 
Figure 1.8. Schematic representation 
of the orientation of the cellulose 
microfibrils in the primary and secondary 
cell wall (Albersheim et al., 2010). P, 
primary cell wall; ML, middle lamella; 
S1, outer layer secondary cell wall; S2, 
middle layer secondary cell wall; S3, 
inner layer secondary cell wall.
units (S) that are deposited after cell expansion has ceased. Lignin is only 
deposited in the last stage of cell differentiation. It provides strength and 
rigidity to cell walls and creates a water-impermeable surface. 
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1971; Logan and Thomas, 1985; Chen, 1991; Espiñeira et al., 2011), but the 
syringyl type of lignin has also been detected (Espiñeira et al., 2011).
GYMNOSPERM CELL WALLS
Most of the gymnosperm cell wall research has focused on conifer cell 
walls due to their economic importance as sources of timber and wood pulp 
(Harris, 2005). The cell wall composition of gymnosperms is similar to non-
grass angiosperms except that there is a higher amount of glucomannans 
in gymnosperms (Sarkar et al., 2009). Primary cell walls of coniferous 
gymnosperms contain high quantities of cellulose, pectic polysaccharides 
(e.g., homogalacturonans, rhamnogalacturonan I and II), and xyloglucan 
(Harris, 2005; Sarkar et al., 2009). Secondary cell walls mainly consist of 
glucomannans, arabinoxylans, cellulose, and lignin (Whistler and Chen, 
1991; Harris, 2005). 
 Little is known about Gnetales cell walls. In contrast to the secondary 
cell walls of most gymnosperms, those of Gnetales contain more xylan than 
glucomannan (Busse-Wicher et al., 2016). Lignin consist of both syringyl 
and guaiacyl units (Sarkanen and Hergert, 1971, Logan and Thomas, 1985; 
Chen, 1991; Harris, 2005).
MIXED-LINKAGE GLUCANS
Mixed-linkage glucans or (1→3, 1→4)-β-D-glucans, also known as MLGs, 
are cell wall components that recently received more attention due to their 
biological and biotechnological importance (Burton and Fincher, 2009; 
Harris and Fincher, 2009). MLGs are important for a range of commercial 
processes such as the malting and brewing industries, bioethanol production, 
and the food industry. High concentrations of MLGs in grain causes a slower 
beer production and is therefore an unwanted component in the brewing 
industry. On the other hand, MLGs can also be beneficial, for example in 
the bioethanol producing industries because high amounts of MLGs in the 
vegetative tissues enhance the conversion and fermentation phases (Harris 
and Fincher, 2009). From a human health perspective, MLGs have beneficial 
effects because they increase the viscosity of the gut contents, they lower the 
serum cholesterol, and they reduce the risk of type II diabetes and obesity 
(Morgan, 2000; Brennan and Cleary, 2005; Harris and Smith, 2006; Wood, 
2007). 
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 Until recently, it was thought that MLGs were only present in 
the order Poales and some closely related families within the commelinid 
monocots (Stinard and Nevins, 1980; Smith and Harris, 1999; Buckeridge 
et al., 2004; Trethewey et al., 2005). To this date, MLGs have not been 
reported for gymnosperms and eudicots. Today, there is evidence that MLGs 
are present in the fern Equisetum (Fry et al., 2008; Sørensen et al., 2008; 
Xue and Fry, 2012), in leptosporangiate ferns such as Asplenium L. (Leroux 
et al., 2015), and in the lycophyte Selaginella P.Beauv. (Harholt et al., 2012). 
MLGs have also been detected in some other divisions, which are listed in 
Table 1.1.
Supergroup Division Examples References 
Archaeplastida Rhodophyta 
 
Kappaphycus alvarezii (Doty) Doty ex Silva 
 
Lechat et al., 2000 
 
 Chloroplastida, green algae 
 
Cosmarium Corda ex Ralfs 
Micrasterias C.Agardh ex Ralfs  
Pleurotaenium Nägeli 
Ulva L. 
Ford and Percival, 1965; Nevo and Sharon, 
1969; Popper and Fry, 2003; Eder et al., 2008; 
Harris and Fincher, 2009; Sørensen et al., 
2011 
 








Monodus subterraneus J.B.Petersen 
 
 








Rhynchosporium secalis (Oudem.) Davis 
Cetraria islandica (L.) Ach. 
 
 
Stone and Clarke, 1992; Gorin et al., 1998; 
Fontaine et al., 2000; Honegger and Haisch, 
2001; Latgé et al., 2005; Burton and Fincher, 
2009; Harris and Fincher, 2009; Pettolino et 
al., 2009 
 
Table 1.1. List of divisions in which MLGs have been detected. 
* ‘Cell walls’ are also found in the fungal kingdom. Although there are numerous similarities 
between both types of cell walls, some wall features are unique to fungi (Money, 2016). 
Fungal cell walls lack cellulose but contain chitin, a polymer that consists of β-1→4-linked 
N-acetyl-D-glucosamine, and glucans. Many fungi produce chitosan in addition to chitin, 
which is a β-1→4-glucosamine (Money, 2016). Callose or (1→3)-β-glucan is one of the most 
abundant wall polymers. In mature fungal cell walls, (1→3)-β-glucans are connected with 
(1→6)-β-glucans to produce a highly branched elastic network of polymers (Money, 2016). 
The relative proportions of chitin and glucans vary according to fungal species. Chitin, 
for example, is more abundant in mycelial fungi than in yeast cell walls (Money, 2016).
 The structure of MLGs consists of unbranched and unsubstituted 
chains of β-D-glucopyranose monomers, which are polymerized trough 
(1→3) and (1→4) linkages (Figure 1.9) (Meikle et al., 1994; Fry, 2000; 
Lazaridou et al., 2004; Burton and Fincher, 2009; Harris and Fincher, 2009). 
The monomers are neither arranged randomly nor in a regular, repeating 
sequence. In Poaceae species, two or three (1→4) linkages are mostly 
separated by one (1→3) linkage and the ratio of (1→4)- to (1→3)-linkages 
is in the range of 2.2-2.6:1 (Fincher and Stone, 2004; Harris and Fincher, 
2009). The ratio of units varies among the grass species (Harris and Fincher, 
2009). In Equisetum, the cellotetraosyl units (DP4) are more abundant 
than the cellotriosyl units (DP3) and the DP3:DP4 ratio is approximately 
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Figure 1.9. Schematic representation of the mixed-linkage glucan polysaccharide.
0.1:1 (Sørensen et al., 2008). On the other hand, in lichens, cellotriosyl 
units are more abundant than cellotetraosyl units and the DP3:DP4 ratio 
is approximately 20.2-24.6:1 (Wood et al., 1991, 1994; Lazaridou et al., 
2004; Harris and Fincher, 2009). The (1→3) linkages are thought to provide 
“kinks” in the chain contributing to water solubility, while the (1→4) 
linkages provide rigidity and insolubility (Woodward et al., 1983; Fry, 
2000). 
 In Poales species, only low concentrations of MLGs are found in the 
cell walls of meristematic tissues but MLGs are continuously synthesized 
during cell expansion (Harris and Fincher, 2009). MLGs accumulate during 
the elongation phase and are being hydrolysed upon cessation of growth 
(Buckeridge et al., 2004; Vega-Sánchez et al., 2013). MLGs are found in the 
cell walls of vegetative organs, including the coleoptile (Hoson and Nevins, 
1989; Vega-Sánchez et al., 2013). They are also found in the endosperm of 
Poales seeds, where they serve as an energy storage polysaccharide (Vega-
Sánchez et al., 2013). In some taxa, there is also evidence that MLGs are 
present in the secondary cells walls of the tracheary elements, as well as in 
the sclerenchyma fibres. It was shown that cell walls of Poaceae species, 
which are rich in MLGs, contain lower amounts of pectins and xyloglucans 
(Fincher and Stone, 2004; Harris, 2005). In rice, MLGs were also detected 
in the sclerenchyma fibres of developing leaf primordia, as well as in mature 
leaves and stems (Trethewey et al., 2005; Vega-Sánchez et al., 2013). The 
presence of MLGs in secondary cell walls led to the hypothesis that they 
may play a role in cell wall reinforcement. However, the exact role of MLGs 
in the cell walls of Poales remains uncertain. In ferns, MLGs were found in 
Equisetum and in the leptosporangiate fern Asplenium elliottii C.H.Wright. 
In the petiole of Asplenium, MLGs were detected in the epidermis, the 
cortex (sclerenchyma and parenchymatous tissues), and in the pericycle of 
the vascular stele (Leroux et al., 2015). In Equisetum, MLGs were found 
18 CHAPTER 1
in young and mature stems. MLGs are present in most cell types except in 
the cells of the vascular tissues of Equisetum and are particularly present 
the in non-growing tissues such as the sclerenchymatous cell walls of the 
cortex (Sørensen et al., 2008; Leroux et al., 2015). In the MLG-rich horsetail 
E. subg. Equisetum, only low amounts of xyloglucan were detected, which 
suggests that MLGs and xyloglucan may play similar roles in primary 
cell wall architecture. In contrast, in the MLG-poor horsetail E. subg. 
Hippochaete, xyloglucan was relatively abundant (Xue and Fry, 2012). 
ANTIBODY-BASED CELL WALL RESEARCH
Antibodies are complex proteins that recognise specific antigens. Different 
techniques, such as microarrays and in situ immunofluorescence, use 
antibodies to map the occurrence of specific cell wall components, either in 
cell wall extracts or in situ. Glycan microarray profiling is a rapid and semi-
quantitative technique that allows determination of relative levels of cell 
wall glycans within and between plant species or samples. It also provides 
information about the relative abundance of epitopes. However, it cannot 
be used to quantify absolute levels of cell wall components (Moller et al., 
2007b). 
 In situ immunofluorescence is a powerful tool for fine mapping the 
cell wall composition at different levels of organisation and at any given 
developmental stage (Lee et al., 2011). The technique is highly sensitive, 
enabling the study of individual cell walls. When combined with immunogold 
detection, it is even possible to localise cell wall epitopes at high resolution 
using a transmission electron microscope. Indirect immunolabelling has 
the advantage that different secondary antibodies can bind a single primary 
antibody, resulting in enhanced signals. To label sections or whole-mount 
samples, first, a primary monoclonal antibody with a high specificity and 
affinity will bind to the epitope of interest. Different antibodies are able 
to distinguish between separate epitopes on a single cell wall polymer 
(Figure 1.10). In this dissertation, a broad range of primary monoclonal 
antibodies was used to detect different cell wall components and they are 
listed in Table 1.2. Subsequently, a secondary antibody, which recognises 
the primary antibody, conjugated with a fluorochrome is added (Figure 
1.10). The secondary antibody will only recognise primary antibodies that 
are developed in the same organism. For example, a secondary antibody 
that was produced in a rat will only bind to a primary antibody that was 
developed in a rat. The fluorescent signal can then be observed by using an 
epifluorescence microscope with filter cubes that correspond to the excitation 
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and emission spectra of the chosen fluorochrome. However, this technique 
is not without its limitations. Most monoclonal antibodies are designed to 
recognise angiosperm cell wall polysaccharides, so the specificity of the 
antibodies can constitute some issues when studying non-angiosperm plants. 
False positive results can arise when the primary antibody cross reacts with 
a structural feature of another polymer. Moreover, the epitopes may also be 
masked by other polysaccharides (Lee et al., 2011), which will inhibit the 
binding of the primary antibody. For example, in many primary cell walls 
xyloglucan-, xylan-, and mannan-epitopes can be masked by the presence 
of pectic homogalacturonan (Marcus et al., 2008, 2010; Hervé et al., 2009). 
In this case, hemicellulosic epitopes may not always be detected, which 
will lead to false negative results. Performing enzymatic pretreatments may 
decrease the occurrence of false negative results. Since immunolabelling 
is not always conclusive, it is better to adopt a multimodal approach by 
combining complementary techniques including glycan microarray profiling 
and biochemical analyses. 
Table 1.2. List of monoclonal antibodies used in this study. AGP, arabinogalactan proteins; 
HG, homogalacturonan.
 mAb Specificity References 
Pectin related LM18 low-esterified HG Verhertbruggen et al., 2009a 
 LM19 low-esterified HG Verhertbruggen et al., 2009a 
 LM20 high-esterified HG Verhertbruggen et al., 2009a 
 LM7 non-blockwise partially methyl-
esterified HG 
Willats et al., 2001; Clausen et 
al., 2003 
 LM8 xylogalacturonan Willats et al., 2004 
 LM5 (1®4)-b-galactan Jones et al., 1997 
 LM6 (1®5)-a-arabinan Willats et al., 1998 
 LM13 linearised (1→5)-a-L-arabinan Verhertbruggen et al., 2009b 
 LM16 Processed arabinan Verhertbruggen et al., 2009b 
Hemicellulose related LM10 (1®4)-xylan McCartney et al., 2005 
 LM11 (1®4)-b-xylan/arabinoxylan McCartney et al., 2005 
 LM15 XXXG-motif of xyloglucan Marcus et al., 2008 
 LM25 XXXG/galactosylated xyloglucan Pedersen et al., 2012 
 LM21 heteromannan Marcus et al., 2010 




(1®3), (1®4)-b-glucan (MLG) 
Meikle et al., 1991 
Meikle et al., 1994 
AGP related LM2 b-linked glucuronic acid  Smallwood et al., 1996;  
Yates et al., 1996 
 JIM8 AGP glycan Pennell et al., 1991,1992 




Figure 1.10. Indirect immunolabelling of the plant cell wall. The primary antibody binds its 
specific epitope, after which the secondary antibody with the fluorochrome binds the primary 
antibody.
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THESIS OBJECTIVES AND OUTLINE
Plant cell walls play a central role in the evolution of land plants. Yet, our 
current understanding of cell walls and their evolutionary history is limited 
as our knowledge of cell wall diversity, and especially the diversity in 
chemical composition of the cell walls, is incomplete. In terms of cell wall 
composition, ferns did not receive as much attention as flowering plants, 
due to their minor economic importance. Therefore, this dissertation aimed 
to expand the general knowledge of fern cell wall diversity by investigating 
the fern model plant Ceratopteris richardii ‘C-Fern’, which is one of the 
candidates to become the first fern with a fully sequenced genome (Chapter 
2). 
To investigate cell wall composition, different methodological approaches 
can be adopted. In this dissertation, we opted for antibody-based techniques 
and combined high-throughput glycan microarrays and detailed in situ 
immunocytochemical analyses. This approach allowed us to explore the 
level of variation in glycan-epitope presence and distribution between 
tissues, cell types, and structures in different organs and generations of 
C-Fern (Chapter 3). 
One of the main findings from Chapter 3 was the discovery of mixed-linkage 
glucan-epitopes (MLG-epitopes) in C-Fern. By performing complementary 
antibody-based and biochemical analyses, we confirmed the presence and 
determined the fine-structure of mixed-linkage glucans in Ceratopteris 
richardii (Chapter 4). Based on the spatio-temporal distribution of mixed-
linkage glucans, we aimed to gain insight in their possible function.
Since the detection of MLG-epitopes in C-Fern was rather unexpected, we 
investigated the presence of this polymer in Equisetum and a selection of 
leptosporangiate ferns (Chapter 5). Considering that mixed-linkage glucans 
were previously detected in the elongating tissues of Poales representatives, 
it is surprising that Equisetum meristematic and elongating tissues were never 
investigated for the presence of mixed-linkage glucans. By investigating the 
presence of MLG-epitopes in leptosporangiate ferns, we aimed to determine 
whether MLG-epitopes are the rule rather the exception in ferns. MLG-
epitopes have also been detected in the lycophyte model species Selaginella 
moellendorffii but detailed information on their tissue-specific distribution 
is missing. To this end, Chapter 5 also aimed to fill this gap in knowledge by 
investigating the in situ distribution of MLG-epitopes in Selaginella stems. 
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From the results of Chapters 4 and 5, it appears that MLG-epitopes are more 
common in land plants than previously thought. This raised the question 
whether the presence of MLG-epitopes was not overlooked in seed plants 
since only the Poales have been intensively investigated. A broad-scale 
comprehensive glycan microarray analysis performed by the Willats group 
(Newcastle University, UK) revealed a high relative abundance of MLG-
epitopes in the leaves of Welwitschia mirabilis. Hence, the aim of Chapter 
6 was to determine the tissue-specific distribution of MLG-epitopes in 
Welwitschia and the closely related genera Ephedra and Gnetum (Chapter 
6). 
Finally, all findings of this dissertation are discussed in Chapter 7 and an 
outlook to future research is provided (Chapter 7). 


CErAtoPtErIS rICHArdII ‘C-FERN’: A MODEL FOR 
INVESTIGATING ADAPTIVE MODIFICATION OF 
VASCULAR PLANT CELL WALLS 
2
Adapted from Leroux O, Eeckhout S, Viane RLL, Popper ZA, 2013. 
Ceratopteris richardii (C-Fern): a model for investigating adaptive 
modification of vascular plant cell walls. Frontiers in Plant Science 4: 367.
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INTRODUCTION
Driven by an increased awareness of the impact of plant cell wall composition 
on environmental responses, and their commercial exploitation, as well as by 
curiosity, and facilitated by technological developments, cell wall diversity 
and evolution has increasingly become a major research focus in the last 
ten years (Popper, 2008; Sarkar et al., 2009; Yin et al., 2009; Popper and 
Tuohy, 2010; Sørensen et al., 2010; Popper et al., 2011; Fangel et al., 2012). 
Cell walls are involved at every level of plant morphology, growth and 
development, and have changed during evolution (Popper and Fry, 2004; 
Sørensen et al., 2010; Popper et al., 2011; Fangel et al., 2012); the evolution of 
morpho-anatomical characters in particular relies on cell wall modification. 
Cell division, cell expansion, and cell differentiation, which give rise to the 
generation of cell shape and plant form, are intrinsically cell wall processes 
(Szymanski and Cosgrove, 2009; Boudaoud, 2010). For example, plant cell 
division necessitates coordinated synthesis and deposition of a new wall 
between the two daughter cells and turgor-driven cell expansion depends 
on wall relaxation mediated for example by enzymes, such as xyloglucan 
endotransglucosylase (Fry et al., 1992; Nishitani and Tominaga, 1992), 
or proteins, such as expansins (McQueen-Mason et al., 1992; McQueen-
Mason and Cosgrove, 1995), whose presence and action is dependent on 
wall composition (Franková and Fry, 2011). 
 Although initially highlighted by biochemical analyses, our 
understanding of the taxonomically-based diversity of plant and algal cell 
wall components and their biosynthesis has been revolutionised by the 
availability of sequenced plant genomes (Yin et al., 2009; Popper et al., 
2011). There are currently 320 fully sequenced plant and algal genomes 
(National Center for Biotechnology Information (NCBI), November 2017). 
However, in sharp contrast to the late nineteenth century pteridomania, 
which endangered some species (Dyer et al., 2001), ferns (here delimited 
as the monilophytes which includes ferns, whisk ferns, and horsetails) 
now receive comparatively less attention than many other plant groups and 
full sequences of fern genomes are, as yet, unavailable (Barker and Wolf, 
2010). Cronk (2009) noted that early genome sequencing focussed heavily 
on angiosperms; perhaps unsurprisingly given their economic prominence. 
Recently, the need for greater phylogenetic coverage has been recognised 
and, aided by technological advances, has led to the sequencing of 
representatives of algae and earlier diverged land plants with phylogenetic 
significance and possessing relatively small genomes including the green 
alga, ostreococcus tauri Courties et Chretiennot-Dinet (Derelle et al., 
2006) and the spike moss, Selaginella moellendorffii Hieron. (Banks 
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et al., 2011). Despite being hampered by its exceptionally large genome 
size (Burleigh et al., 2012) at ~150 times greater than that of Arabidopsis 
Heynh., the first gymnosperm genome, Norway spruce (Picea abies (L.) 
H.Karst.), was published in 2013 (Nystedt et al., 2013). Thus, the remaining 
gaps include sequenced genomes of a fern (Nakazato et al., 2006) and a 
hornwort (Anthoceratophyta) (Cronk, 2009). Similarly to gymnosperms, 
ferns include plants of commercial, economic and ecological value such 
as the aquatic giant salvinia (Salvinia molesta D.Mitch.) that was added to 
the International Union for Conservation of Nature (IUCN) worst invasive 
alien species list (Luque et al., 2013). Ferns have a worldwide distribution 
and are adapted to diverse habitats; often occurring as pioneer species and 
occasionally becoming ecologically dominant, e.g., Pteridium aquilinum 
(L.) Kuhn (commonly known as bracken). Additionally, although ferns 
consist of ~15,000 species and therefore comprise only around 3% of 
vascular plant diversity globally (Schuettpelz and Pryer, 2008) they may 
account for up to 20% of vascular plant diversity in areas such as the West 
Indies (Groombridge, 1992). 
 Given the ecological importance and placement of ferns as early 
diverging euphyllophytes (a subdivision of vascular plants including  ferns 
and seed plants), a better understanding of their cell wall complexity, 
in terms of composition, biosynthesis, and tissue- and cell-specific 
variation, may provide novel insight into key developmental processes, 
for example vascularisation of leaves (Cronk, 2009), as well as providing 
unique opportunity to investigate gametophyte-specific processes. In this 
perspective, we review the current state of knowledge regarding fern cell 
wall composition, the impact of genome sequencing on our understanding of 
evolutionary pathways of cell wall biosynthetic genes, the requirement for a 
sequenced fern genome, and how this might impact future research focussed 
on plant cell wall biology, physiology, evolution, and development. 
FERN CELL WALLS
Biochemical analyses have contributed much of what we know about fern 
cell walls and indicate that they are compositionally similar, though not 
identical, to those of flowering plants. More specifically, mannose-containing 
polysaccharides such as mannan and glucomannan appear to be abundant in 
ferns, whereas pectins appear to be present in lower concentrations than 
found in other plants (Popper and Fry, 2004; Silva et al., 2011). On the other 
hand, some wall components have a structure and function which appears 
to pre-date the divergence of ferns from gymnosperms and flowering 
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plants. α-Expansins, wall-acting proteins that mediate acid-induced wall 
creep (McQueen-Mason et al., 1992; McQueen-Mason and Cosgrove, 
1995) have not only been identified from the ferns Marsilea quadrifolia 
L. and regnellidium diphyllum Lindm. (both species of aquatic ferns) by 
their homology to flowering plant α-expansins but protein extracts from M. 
quadrifolia are capable of inducing wall creep in cucumber cell walls (Kim et 
al., 2000). The importance of cell wall composition and metabolism to plants 
environmental responses and survival, as well as our exploitation of them, 
deem wall composition worthy of extensive exploration. Current approaches 
include application of specific cell wall-directed tools and methodologies 
(Fry, 2000; Popper, 2011) including carbohydrate microarrays (Moller et 
al., 2007b), glycome profiling (Pattathil et al., 2012), raman spectroscopy, 
and microscopy utilizing wall-directed monoclonal antibodies (mAbs), and 
carbohydrate-binding modules (CBMs; Sørensen et al., 2009; Pattathil et 
al., 2010; Hervé et al., 2011) as well as comparative genome analysis. 
THE LYCOPHYTE-EUPHYLLOPHYTE DIVIDE
The genes responsible for the biosynthesis of plant cell wall components 
are increasingly well identified and characterised. However, the genes 
responsible for the synthesis and metabolism of some components are 
not yet fully elucidated (Harholt et al., 2012). This is particularly true for 
seemingly anomalous occurrences of specific wall components. For instance, 
although cellulose synthase-like (CSL) supergene family members CslFs 
and CslHs are responsible for synthesising β-(1→3, 1→4)-glucans (mixed 
linkage glucans, MLGs) in members of the Poales (grasses; Richmond and 
Somerville, 2000; Burton et al., 2006, 2008; Doblin et al., 2009) the absence 
of orthologues of these genes (Harholt et al., 2012) confounds detection 
of MLGs in S. moellendorffii and synthesis of MLGs in this plant remains 
enigmatic but is corroborated by the discovery of MLGs in Equisetum L. 
(horsetails; Fry et al., 2008; Sørensen et al., 2008). 
 Sequencing and genome analysis of S. moellendorffii, chosen for 
its small genome size (Banks et al., 2011; Harholt et al., 2012), has already 
proven invaluable to elucidating diversification of cell wall components 
and their biosynthetic machinery (Popper et al., 2011). Lycophytes are the 
earliest diverging extant plants to have a vascular system and a dominant 
sporophyte generation. However, disparities in genome sequence and cell 
wall biochemistry between Selaginella and other sequenced vascular plants 
including Arabidopsis (Arabidopsis Genome Initiative, 2000), Populus 
L. (Tuskan et al., 2006), and the grasses, oryza L. (International Rice 
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Sequencing Project, 2005), and Brachypodium P.Beauv. (International 
Brachypodium Initiative, 2010), detailed below, highlight the need for fern 
sequences and detailed cell wall studies, not only to help better understand 
ferns, but also euphyllophyte evolution and development. 
 Although the majority of cell wall components found in flowering 
plants also occur in Selaginella, Harholt et al. (2012) observed differences 
in the abundance, localisation and extractability between wall polymers 
in flowering plants compared with those in Selaginella. This is potentially 
indicative of differences in interactions between specific cell wall 
components. Homogalacturonan, in particular, appeared to be less abundant 
(or less extractable) in lycophytes compared to other land plants. The pectin 
rhamnogalacturonan II, on the other hand, was found to occur in all vascular 
plant groups in similar concentrations but, despite appearing to be highly 
conserved, exhibited a minor compositional variance; in lycophytes, ferns 
and whisk ferns a rhamnose residue was replaced by a 3-o-methyl rhamnose 
residue in one of the side chains (Matsunaga et al., 2004). Furthermore, 
some cell wall features appear to have arisen through convergent evolution. 
For example, the regulation and biosynthesis of syringyl (S) lignin, which 
reinforces the secondary cell walls in the vascular tissue of flowering plants 
and lycophytes, but is absent from the majority of ferns and gymnosperms, 
occur via independent pathways (Weng et al., 2008, 2011; Zhao et al., 2010; 
Novo-Uzal et al., 2012). In angiosperms, S lignin can be synthesised from 
guaiacyl (G) lignin intermediates by ferulic acid/coniferaldehyde/coniferyl 
alcohol 5-hydroxylase (F5H) and although S. moellendorffii contains a 
functional F5H it is not orthologous to angiosperm F5Hs, instead belonging 
to a clade of genes unique to Selaginella (Weng et al., 2008). As Harholt 
et al. (2012) points out, this is in direct contrast with an apparent lack of 
diversification and specialisation within the cellulose synthase (CESA) 
superfamily. Homologs of IRX10, also involved in vascular formation in 
land plants, were found in the moss Physcomitrella patens (Hedw.) Bruch & 
Schimp. and were recently reported to exhibit functional conservation with 
those from Arabidopsis (Hörnblad et al., 2013). Taken together, these data 
suggest that at least some components of vascular tissues considered to be a 
‘hallmark’ of vascular plants (Weng et al., 2008) are not homologous between 
the lycophyte and euphyllophyte vascular plant lineages. Lycophytes 
also have unique primary cell wall characters. The isolation of uniquely 
high concentrations of the unusual sugar residue 3-o-methyl-D-galactose 
had previously been considered an autapomorphy of the lycophytes as its 
occurrence was restricted to homosporous (including Lycopodium pinifolium 
Kaulf., Huperzia selago (L.) Bernh. ex Schrank & Mart., and diphasiastrum 
alpinum (L.) Holub) and heterosporous lycophyte (including three species 
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of Selaginella, although not S. moellendorffii) primary cell walls (Popper et 
al., 2001). However, the occurence of 3-o-methyl-D-galactose has now also 
been confirmed in charophytes (O’Rourke et al., 2015). 
 Despite accounting for only 5-10% of the dry mass of cell walls 
(Jamet et al., 2008), proteins are intrinsically responsible for wall synthesis, 
structure, and function, primarily through their modification of other cell 
wall components, such as polysaccharides, in response to developmental 
and environmental cues. There appears to be a phylogenetic basis to the 
profile of cell wall-acting enzymes possessed by a specific plant. While 
some enzyme activities, such as xyloglucan endotransglucosylase, 
which coordinates expansive plant cell growth by cutting and rejoining 
of intermicrofibrillar xyloglucan chains (Fry et al., 1992; Nishitani and 
Tominaga, 1992), appear to be present in all vascular plants (Vissenberg et 
al., 2003), others show a disjuncture between lycophytes and euphyllophytes. 
Franková and Fry (2011) extracted and assayed proteins from 57 rapidly 
growing plant organs from a range of flowering plants, Selaginella apoda, 
Equisetum arvense, and Marchantia polymorpha, and found remarkable 
differences in glycanase (endo-hydrolase) and glycosidase (exo-hydrolase) 
activities, which correlated with differences in wall composition. For 
instance, β-mannosidase activities were highest in plants with mannan-rich 
endosperms requiring rapid metabolism during germination rather than in 
plants, including Selaginella, whose vegetative tissues have mannan-rich 
cell walls (Franková and Fry, 2011). Polygalacturonases (PGs) are a large 
family of hydrolytic enzymes (Kim et al., 2006), which modify pectins 
developmentally. Analysis of Arabidopsis, Populus, Oryza, Selaginella, 
and Physcomitrella genomes indicate an expansion of the PG gene family 
occurred after the divergence of the lycophytes and euphyllophytes; 16 
PG genes were identified in the lycophyte Selaginella in comparison with 
44 in rice and 75 in Populus (Yang et al., 2013). Although lycophytes and 
euphyllophytes have shared characteristics including vascular tissue and a 
dominant sporophyte generation they last shared a common ancestor 400 
million years ago (Pryer et al., 2004) and there are many differences as 
summarized in Table 2.1. A fundamental difference between the groups 
is that lycophytes possess microphylls whereas euphyllophytes possess 
structurally more complex, particularly with respect to vascularisation, 
macrophylls (Cronk, 2009). The two organs appear to be developmentally and 
morphologically distinct which, in combination with the existence of many 
leafless but otherwise highly complex fossils, has led to relative consensus 
that despite having similar functional roles microphylls and macrophylls 
are not homologous (Cronk, 2009). Yang et al. (2013) hypothesised that 
expansion of the PG gene family may be correlated with the evolution of 
32 CHAPTER 2
leaves and increased organ complexity but emphasised that the current 
sample of sequenced vascular plant genomes, which does not yet include 
ferns, does not enable dating of the PG gene family expansion. However, 
spatial-temporal changes in remodelling of cell wall components, such as 
pectins by PGs, lead to changes in wall biomechanical properties, resulting 
in altered development and morphology (Boudaoud, 2010). 
 As outlined above the distinct differences in cell wall biochemistry 
between lycophytes and euphyllophytes is perhaps not unexpected because 
lycophytes are distinguished as a sister group to all other vascular plants 
with associated key differences in anatomy and development (Judd et al., 
1999; Pryer et al., 2001; Banks, 2009). Therefore, a model fern may provide 
key insight into whole plant development (Tilney et al., 1990; Racusen, 
2002) and the impact of cell wall metabolism. 
C-FERN CELL WALLS
A strong foundation for using Ceratopteris richardii Brongn, often referred to 
as C-Fern, as a model to investigate the influence of cell walls on development 
has been laid by anatomical and cytochemical investigations. Such studies 
include scanning electron microscopy of xylem (Carlquist and Schneider, 
2000), gametophyte development (Banks, 1999), embryogenesis (Johnson 
and Renzaglia, 2008), the histology of spermatocyte cell wall composition 
(Cave and Bell, 1973) and drug-induced perturbation of cellulose synthesis 
in root hairs (Meekes, 1986). The latter study indicated that C-Fern responds 
to cell wall-acting drugs in a similar way as flowering plants. Additionally, 
C-Fern is highly sensitive and provides opportunity to investigate drug 
action; in a single cell layer, in free-living haploid tissues (gametophytes), 
and in combination with microtubule organizing centers which might be 
important in order to investigate the effects of microtubule disruption on 
cell wall component secretion (Meekes, 1986). Furthermore, an array of 
C-Fern mutants exists including some that may have altered cell walls. One 
of the most striking is polka dot, which has clumped chloroplasts, putatively 
resulting from disruption to the cytoskeleton (Vaughn et al., 1990), which 
may have led to the observed associated weakness in spore walls.
C-FERN AS A MODEL PLANT
Clearly, as previously voiced by others (Weng et al., 2008; Cronk, 2009), there 
is a requirement for sequenced fern genomes. Although there are currently 


































































































































































































































































































































































































































































































































































































































































































































no fully sequenced fern genomes, the National Center for Biotechnology 
Information’s (NCBI) short read archive (SRA) database has incomplete 
genome data for two ferns, Ceratopteris richardii and, the perhaps more 
universally familiar invasive, Pteridium aquilinum. The Pteridium sequence 
is derived from a gametophyte transcriptome (Der et al., 2011), similarly 
the C-Fern expressed sequence tags (ESTs) are from the early stages of 
development in germinating spores (Salmi et al., 2005); both sequences are 
therefore equivalent to the haploid tissues, which give rise to pollen grains 
and embryo sacs in flowering plants. 
 Leptosporangiate ferns, of which C. richardii and P. aquilinum 
are members, comprise over 95% of extant fern diversity (Schuettpelz 
and Pryer, 2008). In fact, both of the aforementioned species belong to 
the polypods, a clade strongly supported by molecular and morphological 
characters including sporangia, which possess a vertical annulus interrupted 
by the stalk (Pryer et al., 2001; Schuettpelz and Pryer, 2008). However, 
whereas Pteridium is placed in the small dennstaedtioid clade, Ceratopteris 
belongs to the large, diverse pteridoid clade that accounts for about 10% 
of extant fern diversity (Schneider et al., 2004; Schuettpelz and Pryer, 
2008); this suggests that Ceratopteris is likely to be highly representative of 
other ferns. Ceratopteris is homosporous and produces hermaphrodite and 
male gametophytes (Figure 2.1). The male gametophytes are produced in 
response to antheridiogen (Schedlbauer and Klekowski, 1972). The diploid 
sporophytes are extremely heteroblastic, initially producing entire sterile 
leaves and progressing to highly dissected fertile leaves, which, under culture 
conditions, produce many spores continuously throughout the year within 
sporangia on their enrolled leaf margins (Hickok et al., 1987; Figure 2.1). 
In comparison with many other ferns, including Pteridium, Ceratopteris 
sporophytes are relatively small, reaching 30-40 cm in height. This feature 
particularly coupled with its ease of growth in culture has been responsible 
for the widespread application of Ceratopteris as model in undergraduate 
plant biology teaching, for example to demonstrate plant life cycles, genetics 
and development, and in research laboratories (Hickok et al., 1987, 1998; 
Calie, 2005; Spiro and Knisely, 2008). This has led to the development of 
specific tools and techniques including mutant generation, selection and 
characterisation; mutants include abscisic acid (Hickok, 1985), herbicide-
tolerant (Hickok and Schwarz, 1986) and salt-tolerant (Warne et al., 1995). 
Other features that make Ceratopteris a suitable model include: (1) a short 
sexual life cycle that can be completed under 120 days, (2) continuous and 
abundant spore production, (3) spores that can be stored and remain viable 
for many years, (4) gametophytes which can be self-fertilised to generate 
completely homozygous sporophytes, (5) visible microtubule organising 
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Figure 2.1. Ceratopteris richardii morphology. A. Gametophytes develop as hermaphrodites 
or males. B-F. Sporophyte fronds are dimorphic. B, E. Fronds are initially sterile and oval 
shaped to three-lobed but new fronds become progressively larger and more pinnately 
dissected. C, F. Fertile fronds are more finely dissected and their enrolled margins are 
covering the sporangia. D. Crozier.
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centers and developmental synchrony of cells within a single gametophyte 
(Hoffman and Vaughn, 1995), (6) sporophytes that can be vegetatively 
propagated from marginal leaf buds or gemmae allowing maintenance of 
even sterile mutants (Hickok et al., 1987), and (7) amenability to mutagenesis. 
Furthermore, although experiments initially suggested that Ceratopteris is 
resistant to Agrobacterium-mediated transformation (Hickok et al., 1987), 
Agrobacterium has now been shown capable of transforming Ceratopteris 
thalictroides (and Chinese brake fern, Pteris vittata L.) spores leading to 
stably transformed plants; inheritance analyses revealed stable expression 
of the transgene in second generation sporophytes (Muthukumar et al., 
2013). Additionally, Ceratopteris gametophytes have been shown to take 
up DNA and RNA directly enabling elucidation of gene function through 
observation of phenotype following targeted silencing (Stout et al., 2003; 
Kawai-Toyooka et al., 2004; Rutherford et al., 2004).
LOCATION, LOCATION, LOCATION, AND FUTURE PERSPECTIVE
Although a fully sequenced fern genome will be available in the near 
future, likely contributing much to our understanding of the evolution 
of euphyllophytes, plant cell wall components and their biosynthesis, it 
is unlikely to reveal the full story. The reason for this is that many wall 
components are deposited in a tissue, cellular or even sub-cellular fashion, 
often in response to development (Leroux et al., 2007, 2011b). Therefore, 
genomic studies will yield most information when carried out in combination 
with localisation of wall components using (immuno)cytochemical methods 
(Cave and Bell, 1973; Hervé et al., 2011). Many of the mAbs and CBMs 
developed to flowering plant cell walls have the ability to recognise and 
bind to epitopes present in bryophyte (Carafa et al., 2005) and fern (Leroux 
et al., 2007, 2011b) cell walls including those of C-Fern (as exemplified 
by Figure 2.2). The ability to apply these techniques to Ceratopteris (and 
other ferns) provides advantages for investigating plant development 
involving the cell wall, not afforded by earlier diverging vascular plants. 
For example, Selaginella gametophytes are endosporic, meaning that the 
female gametophyte remains enshrouded in spore tissue, and subterranean. 
Flowering plant gametophytes are similarly embedded in sporophyte tissues. 
In contrast, fern gametophytes, which are photosynthetic and free-living, 
can be prepared (relatively) easily for biochemical analysis. Furthermore, 
it is possible to follow every cell throughout development. A fern model, 
such as Ceratopteris, once sequenced will build on what has already been 
uncovered by investigation of other sequenced plants, particularly other 
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Figure 2.2. Developmental and tissue-specific variation in Ceratopteris richardii cell walls. 
Localisation of cell wall components in hermaphroditic gametophytes and in transverse 
sections of sporophytic petioles. A-B. Calcofluor White stains β-glucans such as cellulose, 
which occurs in most cell walls. C. A xyloglucan- epitope (LM15) is detected in the apical 
neck cells of fully mature (and opened) archegonia. D. LM11, directed against xylan, 
labelled secondary cell walls of the petiole. E-F. No primary antibody control. d, developing 
archegonium; m, mature and opened archegonia; s, sclerenchyma; t, tracheids.
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vascular plants such as Selaginella, and likely divulge many secrets relating 
to euphyllophyte cell wall biochemistry, evolution and function. 


COMPARATIVE GLYCAN PROFILING OF 
CErAtoPtErIS rICHArdII ‘C-FERN’ GAMETOPHYTES 
AND SPOROPHYTES LINKS CELL WALL COMPOSITION 
TO FUNCTIONAL SPECIALISATION
3
In this chapter, we explore the level of variation in glycan-epitope presence 
and distribution between tissues, cell types, and structures in different organs 
and generations of Ceratopteris richardii ‘C-Fern’.
Adapted from Eeckhout S, Leroux O, Willats WGT, Popper ZA, Viane 
RLL, 2014. Comparative glycan profiling of Ceratopteris richardii ‘C-Fern’ 
gametophytes and sporophytes links cell wall composition to functional 
specialisation. Annals of Botany 114: 1295-1307.
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INTRODUCTION
Plant cell walls are carbohydrate-based extracellular matrices involved 
in many essential biological processes that regulate or impact upon 
plant growth and development, morphology, biomechanics, and cellular 
responses to environmental factors (Albersheim et al., 2010). As a result 
of these multiple functions, cell walls display a considerable degree of 
structural and compositional diversity. Many innovations that facilitated 
the diversification of embryophytes (land plants) also led to increasingly 
complex plant body plans. The most prominent structural innovations 
are those that are required for the acquisition, retention and transport of 
water and solutes, as well as providing increased support to accommodate 
a trend towards taller stems for improved spore-dispersal or more efficient 
light capture (Bateman et al., 1998). As cell walls determine most of the 
fundamental features of specialised plant tissues it is safe to state that they 
have played a central role in the evolution of land plants; either through 
(functional or structural) elaboration of ancestral polymers or through the 
acquisition of new components. 
 While our knowledge of the structural complexity of plant cell 
wall components is well established, our understanding of how this reflects 
evolution is still incomplete (Niklas, 2004; Popper and Tuohy, 2010; 
Sørensen et al., 2010; Fangel et al., 2012). Recent publications highlighted 
that the presence and relative proportions of cell wall components may 
vary between representatives of different plant lineages (Harris, 2005; 
Popper, 2008; Fry, 2011; Fangel et al., 2012). For example, fern primary 
cell walls were reported to contain relatively high proportions of mannose-
rich polymers and a lower concentration of xyloglucans leading Silva et al. 
(2011) to describe a new (primary) cell wall type (type III) typical of ferns. 
 To gain a more complete understanding of plant cell wall evolution, 
it will be necessary to place the known diversity of cell wall polymers in 
spatio-temporal and taxonomic contexts. Preferably, such studies require 
comparative investigations at different taxonomic levels and different levels 
of anatomical organisation. Moreover, while vegetative innovations may 
have had the greatest visual impact, early land plant evolution was also 
characterised by successive transformations of the reproductive system and 
the life cycle. Unlike all other land plants, the gametophyte is the dominant 
stage in bryophytes, with the sporophyte being fully dependent on the 
gametophyte for survival. Within the vascular plants, ferns s.l. (Pteridophyta 
s.s or monilophytes, thus excluding Lycopodiophyta but including Equisetum 
L.) is the largest group of plants that alternate between independent 
gametophyte and sporophyte generations. These generations show several 
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morphological and physiological differences. While gametophytes are 
small and flattened organisms, sporophytes are large and initiate vascular 
and mechanical tissues. To the best of our knowledge, there is no published 
account comparing cell wall composition between both generations.
 Although the ferns s.l. currently lack a representative with a fully 
sequenced genome, a cultivar of Ceratopteris richardii Brongn, referred 
to as C-Fern, was introduced in the late 1980s as a fern model system 
(Hickok et al., 1987; Leroux et al., 2013a). Traditionally, this homosporous 
leptosporangiate fern was either included in a family of its own, Parkeriaceae 
(Hooker, 1825; Copeland, 1947; Pichi-Sermolli, 1977), or ascribed to 
Pteridaceae (Hooker, 1858; Copeland, 1947; Tryon et al., 1990), or to the 
large and diverse pteridioid clade (Schuettpelz and Pryer, 2008). 
The goal of this chapter was to explore the level of variation in glycan 
epitope presence and distribution between tissues, cell types and structures 
in different organs and generations of Ceratopteris richardii ‘C-Fern’.  Are 
glycan epitopes that are associated with complex tissues in the sporophyte 
also present in the morphologically less complex gametophyte? Are 
primary and secondary cell walls of different organs and tissues similar 
in glycan epitope composition? We adopted a two level antibody-based 
strategy: first screening for specific cell wall components by probing glycan 




C-Fern spores, purchased from Carolina Biological Supply Company, were 
sterilised and cultured as described in the C-Fern Web Manual (www.c-fern.
org). The spores were grown on agar plates in a growth cabinet at 28 °C 
under continuous light (80 µmol m-2s-1). Young sporophytes, which emerged 
after fertilisation, were planted in potting soil and kept in a plastic container 
with lid that was placed in a growth cabinet under the same conditions as 
mentioned above.
Embedding of plant material
Segments of roots, petioles, laminae, and whole gametophytes were fixed in 
4% v/v paraformaldehyde in PEM buffer (100 mM PIPES, 10 mM MgSO4 
and 10 mM ethylene glycol tetraacetic acid (EGTA), pH 6.9) at room 
temperature for 2 h. After thoroughly washing in phosphate-buffered saline 
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(PBS), samples were dehydrated in an ethanol gradient (30%, 50%, 70%, 
94% and 100% ethanol) before gradually infiltrating with LR White resin 
(medium grade, London Resin Company, UK). Infiltrated specimens were 
sealed in flat embedding moulds using Aclar film (Electron Microscopy 
Sciences, Hatfield, PA, USA) and cured in an oven at 58 °C for 24 h. Transverse 
sections of 0.5 µm, cut using an ultramicrotome (Reichert-Jung Ultracut 
E) equipped with glass knives, were mounted on vectabond treated slides 
(Vector Labs, Peterborough, UK). For anatomical observations, sections 
were stained with 0.05% toluidine blue O (Merck, Darmstadt, Germany) 
in 0.1% (w/v) Na2B4O7. Micrographs were taken using an Olympus XC10 
digital camera mounted on an Olympus BX51 epifluorescence microscope. 
Drawings shown in Figure 3.1 were made by hand.
Alcohol insoluble residue (AIr)
Fresh plant tissue was collected from different organs or structures 
including roots, petioles, fertile laminae, spores and gametophytes. After 
homogenisation in liquid nitrogen using a mortar and pestle, a series of 70% 
(v/v) ethanol extractions were performed to remove pigments, alkaloids, 
tannins and soluble sugars from the cell wall containing residues. A final 
5-minute wash with 100% acetone was performed prior to air-drying the 
pellets overnight. 
Glycan microarray analysis
For each sample three (extraction) replicates of approximately 10 milligrams 
AIR were processed separately. We sequentially extracted pectins and non-
cellulosic polysaccharides using 50 mM CDTA (diamino-cyclohexane-
tetraacetic acid, pH 7.5) and 4 M NaOH, respectively. Analysis was 
performed as described in Moller et al. (2007a) and extractant volumes were 
adjusted according to weight. All extracts were serially diluted (1:1 and 1:5) 
and two technical replicates were printed on nitrocellulose membranes, 
giving a total of 18 spots for each sample. Details of the probes used in 
this study are shown in Table 3.1. The labelled arrays were scanned and 
processed using ImaGene 6.0 microarray analysis software (Biodiscovery, 
www.biodiscovery.com). The highest mean spot signal in the data set was 
assigned a value of 100% and all other signals adjusted accordingly. The 
resulting heatmap was generated in Excel (Microsoft, Redmond, WA) and 
is shown in Figure 3.2. The resulting values represent averages from the 
technical replicates. A minimum of 5% was imposed, and values below this 
are represented by ‘0’.
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Indirect immunofluorescence imaging
Immunolocalisation was carried out on sections obtained from the same 
LR White blocks that were prepared for anatomical observations. The 
monoclonal antibodies used in this study were purchased from Plantprobes 
(www.plantprobes.net) or Biosupplies (www.biosupplies.com.au), and are 
listed in Table 3.1. A pectate lyase pretreatment was performed to remove 
pectic homogalacturonan (HG) as these polymers have been reported 
to mask hemicelluloses-related epitopes such as xyloglucan (Marcus 
et al., 2008) or mannan (Marcus et al., 2010). This treatment consists of 
sequential incubation with 0.1 M sodium carbonate (pH 11.4) for 2 h at 
room temperature and 10 µg/ml pectate lyase obtained from Cellvibrio 
japonicus (Megazyme, E-PLYCJ) in CAPS buffer (50 mM N-cyclohexyl-
3-aminopropanesulfonic acid, 2 mM CaCl2) for 2 h at room temperature. 
Sections were blocked in 3% (w/v) non-fat milk protein in PBS (prepared 
from a 10x stock solution — 80 g NaCl, 28.6 g Na2HPO4.12H2O and 2 
g KH2PO4 in 1 L de-ionised H2O, pH 7.2) (MP/PBS) for 5 minutes and 
incubated in primary monoclonal antibody (mAb) in MP/PBS for 1.5 h 
at room temperature. Rat mAbs were used in a 10-fold dilution and the 
mouse mAb, BS-400-2, was used in a 50-fold dilution. After thoroughly 
washing with PBS, sections were incubated with a 100-fold dilution of 
anti-rat (F6258, Sigma-Aldrich, Belgium) or anti-mouse (F0257, Sigma-




 mAb Specificity References 
Pectin related LM18 low-esterified HG Verhertbruggen et al., 2009a 
 LM19 low-esterified HG Verhertbruggen et al., 2009a 
 LM20 high-esterified HG Verhertbruggen et al., 2009a 
 LM7 non-blockwise partially methyl-
esterified HG 
Willats et al., 2001; Clausen et 
al., 2003 
 LM8 xylogalacturonan Willats et al., 2004 
 LM5 (1®4)-b-galactan Jones et al., 1997 
 LM6 (1®5)-a-arabinan Willats et al., 1998 
 LM13 linearised (1→5)-a-L-arabinan Verhertbruggen et al., 2009b 
 LM16 Processed arabinan Verhertbruggen et al., 2009b 
Hemicellulose related LM10 (1®4)-xylan McCartney et al., 2005 
 LM11 (1®4)-b-xylan/arabinoxylan McCartney et al., 2005 
 LM15 XXXG-motif of xyloglucan Marcus et al., 2008 
 LM25 XXXG/galactosylated xyloglucan Pedersen et al., 2012 
 LM21 heteromannan Marcus et al., 2010 
 LM22 heteromannan Marcus et al., 2010 
 BS-400-2 (1®3)-b-glucan (callose) Meikle et al., 1991 
AGP related LM2 b-linked glucuronic acid  Smallwood et al., 1996;  
Yates et al., 1996 
 JIM8 AGP glycan Pennell et al., 1991,1992 
 JIM13 AGP glycan Knox et al., 1991; Yates et al., 
1996 
Table 3.1. List of monoclonal antibodies used in this study.  AGP, arabinogalactan proteins; 
HG, homogalacturonan.
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antibody in MP/PBS for 1.5 h at room temperature. Control of background 
fluorescence was carried out by omitting primary antibodies. Slides were 
washed extensively with PBS, stained with Calcofluor White (fluorescent 
brightener 28, Sigma, 0.25 µg mL-1 in dH2O) and mounted in anti-fade agent 
(Citifluor AF2, Agar Scientific, UK). The slides were examined using an 
epifluorescence microscope (Olympus BX51) and images captured with an 
Olympus XC10 camera. The same exposure time was used when imaging 
equivalent sections, except for LM2- and LM6-labelling of the rhizoids. In 
those two cases labelling was so strong that the exposure time had to be 
lowered.  
Confocal microscopy
For the whole mount surface labelling entire gametophytes were fixed in PEM 
buffer containing 16% (v/v) paraformaldehyde and washed in phosphate-
buffered saline (PBS). After pectate lyase pretreatment the gametophytes 
were immunolabelled and mounted as described above. The gametophytes 
were examined with an Olympus Fluoview 300 confocal microscope using 




As C-Fern is not yet a widely studied model plant, we first provide a brief 
overview of its anatomy (Figure 3.1). C-Fern spores develop into elongate 
male or heart-shaped hermaphroditic gametophytes (Figure 3.1A), only 
the latter produce both sperm-bearing antheridia and egg-containing 
archegonia (Figure 3.1A). Rhizoids anchor the gametophytes to the soil and 
share morphological features with sporophyte root hairs. The sporophyte 
consists of a rhizome from which roots and leaves emerge (Hou & Hill, 
2002; Hou & Blancaflor, 2009). Roots have an aerenchymatous ground 
tissue and are surrounded by an epidermis (in literature sometimes the term 
rhizodermis is used) with root hairs, which are prominent in young roots 
(Figure 3.1B). A pericycle and an endodermis surround the central vascular 
tissue; a sclerenchyma sheath is absent. The number and arrangement of 
the petiole vascular bundles, each surrounded by a sclerenchyma sheath, 
are variable depending on the age and size of the leaves (Figure 3.1C-D). 
The vascular bundles are concentric, with xylem occupying the centre and 
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Figure 3.1. C-Fern anatomy. A. Hermaphroditic gametophyte with photosynthetic tissue (pt) 
bearing antheridia (an), archegonia (ar) and rhizoids (rh). Note remainders of the spore wall 
(sp). B. Transverse section of root showing central cylinder (cc) surrounded by an endodermis, 
aerenchyma (ae) and epidermis (ep). C. Transverse section of petiole showing stomata (st) 
in the epidermis (ep), as well as two vascular bundles in aerenchyma (ae). D. Detail of the 
large concentric amphicribral vascular bundle in C, consisting of xylem (x), phloem (ph) and 
pericycle (pe) surrounded by an endodermis (en) and sclerenchyma sheath (ss). E. Transverse 
section through the lamina showing vascular bundles with xylem tracheids (x), mesophyll 
tissue (me) with large intercellular spaces and epidermal tissues (ep) with stomata (st).
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being completely surrounded by phloem, a pericycle and a single-layered 
endodermis with Casparian strips (Figure 3.1D). The lamina consists of 
vascular bundles embedded in mesophyll tissue with large intercellular 
spaces (Figure 3.1E). Numerous stomata are present in the lower and upper 
cutinised epidermal tissues. 
Glycan microarray analysis
The heatmap of the glycan microarray analysis (Figure 3.2), which largely 
directed the layout of our in situ experiments, illustrates that the relative 
abundance of glycan epitopes varies between different generations and 
organs. One way of making sense of this variation is to match differences 
in anatomy with differences in (relative) epitope abundance. For instance, 
the petiole contains a large proportion of sclerenchyma compared to the root 
and the high relative amount of xylan-epitopes in the petiole sample might 
indicate that the latter tissue has xylan-rich walls. 
 Gametophytes showed the highest relative abundance of 
arabinogalactan protein epitopes recognised by the mAbs LM2, JIM8, and 
JIM13. All glycan epitopes, except for JIM13, were found in relatively low 
amounts in the spores. Some epitopes were not detected in levels above 
background signal in any of the samples analysed and include the pectic 
HG LM7, xylogalacturonan LM8, and pectic arabinan LM16 epitopes. It is 
important to note that the representative nature of the glycan array results 
greatly depends on the extractability of cell wall components from alcohol 
insoluble residues. It cannot be ruled out that components such as lignins, 
suberins, and sporopollenins may have hindered full extraction of non-
cellulosic glycan polymers in the samples. To interpret the variation observed 
in the heat map, we performed detailed in situ immunolabelling experiments 
using the same antibodies. The results, presented from the perspective of 
primary and secondary cell walls, are summarised in Table 3.2. To show 
the full extent of cell walls, we stained sections with Calcofluor White, 
which stains β-glucans such as cellulose and xyloglucans (Figure 3.3A; 
3.4A; 3.5A, O, J; 3.6A, H, N). A control in which the primary antibody was 
omitted enabled the distinction of antibody-binding from autofluorescence 
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In situ cell wall analysis of the petiole and the root
For the detection of pectic homogalacturonan (HG) in the petiole, we used 
two mAbs, LM19 and LM20, directed against HG with low and high levels 
of methyl-esterification, respectively. While the LM19-epitope was largely 
confined to the middle lamellae and cell wall junctions (Figure 3.3C), the 
LM20-epitope was more abundant in primary cell walls (Figure 3.3E). 
Closer to the epidermis, LM19 also bound to the primary cell walls (Figure 
3.3C). As pectic HG is known to mask hemicellulosic-epitopes (Marcus et 
al., 2008, 2010), we pretreated sections with pectate lyase, which resulted 
in removal of the LM19-epitope (Figure 3.3D). We used antibodies that 
recognise either galactan (LM5) or arabinan (LM6), which generally occur 
as side chains on pectic rhamnogalacturonan-I (RG-I); though the LM6-
epitope has also been attributed to arabinogalactan proteins in the moss 
Physcomitrella patens (Hedw.) Bruch & Schimp. (Lee et al., 2005). While 
LM5 weakly bound to phloem tissue (Figure 3.3F), the LM6-epitope was not 
detected (Figure 3.3G). Heteroxylans were immunoprobed using the LM11 
mAb, which bound to the secondary cell walls of the xylem tracheids and 
the sclerenchyma sheath (Figure 3.3H). Pectate lyase pretreatment resulted 
in enhanced labelling of the phloem cell walls with the anti-xyloglucan 
mAb LM15 (Figure 3.3I). LM25, an anti-xyloglucan mAb sharing the 
XXXG-specificity with LM15, but also recognising galactosylated 
xyloglucan, bound to most primary cell walls in the petiole, including 
those of the sclerenchyma sheath (Figure 3.3J). Binding to the phloem 
was stronger compared to all other cell or tissue types (Figure 3.3J). While 
LM21, directed against heteromannan, bound to all primary cell walls, it 
labelled only the secondary cell walls of the tracheids, but not those of the 
sclerenchyma sheath (Figure 3.3K). Pectate lyase pretreatment also resulted 
in enhanced labelling (Figure 3.3K). Moreover, binding to walls facing large 
intercellular spaces was considerably stronger, both before and after pectate 
lyase pretreatment (Figure 3.3K, inset). We also probed slides with a mAb 
directed against callose (Biosupplies BS-400-2), which only bound to the 
secondary cell walls of the sclerenchyma sheath (Figure 3.3L).
 With few exceptions, we found similar distribution patterns of glycan 
epitopes in roots (Figure 3.4) and petioles (Figure 3.3). LM19 and LM20 
generally bound to middle lamellae and primary cell walls, respectively 
(Figure 3.4C-E). The LM5-epitope was detected in the phloem tissue in 
the central cylinder (Figure 3.4F). Although relatively high amounts of the 
LM6 arabinan-epitope were detected in the glycan array, the antibody only 
weakly labelled cell membranes of the aerenchyma and the parenchymatous 
cell types of the vascular bundle (Figure 3.4G). However, we processed 
complete root systems, including younger and/or lateral roots with root hairs 
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Figure 3.3. In situ localisation of cell wall glycan epitopes in equivalent transverse sections of 
a C-Fern petiole. A. Calcofluor White staining all cell walls. B. No primary antibody control. 
C. Detection of LM19 HG-epitope (low levels of methyl-esterification) in all middle lamellae 
and aerenchyma primary cell walls close to epidermis (location of epidermis indicated with 
arrow). D. Pectate lyase removed all pectic HG epitopes. E. LM20 anti-HG (high levels of 
methyl-esterification) binds to all primary cell walls. F. The LM5 pectic galactan-epitope 
restricted to phloem. G. AGP/pectic-arabinan epitope LM6 not detected. H. LM11 (anti-
arabinoxylan) strongly labels secondary cell walls of xylem tracheids and sclerenchyma 
sheath. I. Anti-xyloglucan mAb LM15 binding to phloem cell walls. J. LM25 anti-xyloglucan 
labels primary cell walls of aerenchyma and phloem. K. LM21 anti-heteromannan binds to 
all primary cell walls and tracheid secondary walls. Inset shows that LM21 strongly labels 
cell walls facing air cavities. L. Callose immunodetected in sclerenchyma sheath secondary 
cell walls. ae, aerenchyma; ss, sclerenchyma sheath; ph, phloem; x, xylem; PL-, no pectate 
lyase pretreatment; PL+, pectate lyase pretreatment.
for the preparation of AIR. Surface labelling of young roots showed strong 
binding of LM6 to the surface of the root hairs (Figure 3.4G, inset). As a 
sclerenchyma sheath is absent, LM11 binding was restricted to the xylem 
tracheids (Figure 3.4H). LM15 and LM25 also showed similar binding 
patterns (Figure 3.4I-J), although the signal intensity of LM25 binding was 
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Figure 3.4. In situ localisation of cell wall glycan epitopes in equivalent transverse sections of 
a C-Fern root. A. Calcofluor White staining all cell walls. B. No primary antibody control. C. 
Detection of LM19 HG-epitope (low levels of methyl-esterification) in all middle lamellae. 
D. Pectate lyase removed all pectic HG epitopes. E. LM20 anti-HG (high levels of methyl-
esterification) mAb binds to all primary cell walls. F. LM5 pectic galactan-epitope restricted 
to phloem. G. Weak binding of the AGP/pectic arabinan LM6 antibody to cell membranes 
of aerenchyma and parenchymatous cell types of the central cylinder. Labelling of whole 
root tips reveals abundance of LM6-epitope in root hair cell walls (inset). H. LM11 (anti-
arabinoxylan) strongly binds to xylem tracheid secondary cell walls. I. Anti-xyloglucan mAb 
LM15 weakly labels phloem cell walls. J. Detection of the LM25 xyloglucan-epitope in 
the primary cell walls of aerenchyma and phloem. K. LM21 anti-heteromannan strongly 
binds to tracheid and xylem parenchyma cell walls and weakly labels all remaining primary 
cell walls. L. Callose not immunodetected. ae, aerenchyma; ph, phloem; x, xylem; PL-, no 
pectate lyase pretreatment; PL+, pectate lyase pretreatment.
lower (at similar exposure times) compared to that in petioles (Figure 3.3J; 
3.4J). Likewise, LM21 binding in the cortex parenchyma was weaker, and 
not altered after pectate lyase pretreatment (Figure 3.4K). The anti-callose 
mAb did not label the root sections (Figure 3.4L).
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In situ cell wall analysis of the lamina and sporangia
The prevalence of the LM20 over the LM19 HG-epitope was also apparent 
in the lamina (Figure 3.5C-D). LM5 weakly labelled the phloem tissue in 
the vascular bundles (data not shown). The LM6 arabinan-epitope was not 
detected in the lamina, which includes the guard cell walls (Figure 3.5E). 
As expected, the anti-xylan mAb LM11 labelled the tracheids in the xylem 
tissue (Figure 3.5F). While the anti-xyloglucan mAb LM15 only weakly 
bound to phloem cells (data not shown), LM25 labelled most primary cell 
walls, especially those close to the outer surface, including the epidermal 
cells and the guard cell walls, as well as primary cell walls in the vascular 
bundles (Figure 3.5G). LM21, which recognises heteromannan, showed 
a similar binding pattern, except for the guard cell walls, which were not 
labelled, and the tracheid walls that were weakly labelled (Figure 3.5H). 
The BS-400-2 callose-epitope was not detected (Figure 3.5I). As our lamina 
sample also contained sporangia, we immunolabelled transverse sections 
through sporangia. Cell walls of the annulus resembled those of the petiole 
sclerenchyma sheath in terms of glycan epitope abundance. While LM19 
(Figure 3.5L), LM25 (data not shown), and LM21 (Figure 3.5N) only 
labelled primary walls, the LM11 xylan (Figure 3.5M) and BS-400-2 
callose- (Figure 3.5P) epitopes were detected in secondary cell walls. The 
spores in the sporangia were not labelled with any of the antibodies used. 
Pectate lyase treatment did not alter binding patterns of the antibodies.
In situ cell wall analysis of gametophytic walls
Both sections and wholemount material of hermaphroditic gametophytes 
were immunoprobed (Figure 3.6). Resin embedded gametophytes were 
sectioned in such plane that both vegetative tissues and reproductive 
structures were exposed for labelling. LM19 bound weakly to the cell walls 
of the photosynthetic tissue and strongly to the rhizoids (Figure 3.6C, F, P). 
LM20, on the other hand, strongly labelled the photosynthetic tissue but 
appeared to be absent in the rhizoids (Figure 3.6D, G, Q). LM6 did not bind 
to sections of gametophytic tissues (Figure 3.6J). The LM25 xyloglucan-
epitope was detected in all tissues and appeared to be more abundant in the 
rhizoids (Figure 3.6K). LM21, binding to heteromannan, weakly labelled 
all primary cell walls except those of the rhizoids and strongly labelled the 
archegonial, but not antheridial, cell walls (Figure 3.6I). The anti-callose 
mAb BS-400-2 bound to some of the rhizoids and to cell wall material 
between spermatocytes in the antheridia (Figure 3.6M). We also incubated 
sections with an anti-AGP mAb, LM2, but no labelling was observed (data 
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not shown). Labelling of wholemount samples appeared to be successful for 
investigating the in situ cell wall composition of rhizoids. In most cases, we 
were able to confirm the results obtained in labelled sections. However, both 
LM6 (arabinan/AGP-related epitope) (Figure 3.6R) and LM2 (AGP-related 
epitope) (Figure 3.6T), which were not detected in sections, strongly bound 
to rhizoids in wholemount-labelled gametophytes. In fact, of all antibodies 
used, we obtained the brightest fluorescence with these two antibodies. 
The rhizoids were also labelled intensively with the anti-xyloglucan probes 
LM15 (Figure 3.6S) and LM25 (data not shown). Pectate lyase pretreatment 
did not alter binding patterns of the antibodies.
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DISCUSSION
This paper is the first account of cell wall glycan-epitope distribution in 
sporophytes and gametophytes of the same fern species. The monoclonal 
antibodies used in this study have been developed to characterise angiosperm 
cell wall composition but are clearly applicable to the analysis of fern cell 
walls indicating that at least some of the cell wall structures present in 
angiosperm cell wall polysaccharides are conserved. However, we cannot 
exclude the possibility that fern cell walls may contain components that are 
not present in angiosperm walls and therefore not detectable with the current 
set of commercially available glycan-directed probes. 
C-Fern gametophyte and sporophyte walls were found to be rich in pectic 
HG. We specifically immunolocalised pectic HG with low levels of 
esterification in the middle lamellae and cell wall junctions, locations where 
calcium-mediated HG gels may contribute to cell-to-cell cohesion. While 
the glycan array results showed a higher relative abundance of the LM19-
epitope compared to the LM20-epitope, LM19 labelling in sections was 
generally weaker. It is possible that some LM19-epitopes were lost during 
sample processing or that they are not fully detectable in resin sections.
 We used two antibodies recognising galactan (LM5) and arabinan 
(LM6), which commonly occur as side-chains of pectic RG-I in angiosperms 
(Albersheim et al., 2010). The LM5-epitope was only detected in phloem 
tissue in the root, petiole and lamina of the sporophyte, which suggests that 
Figure 3.5. In situ localisation of cell wall glycan epitopes in equivalent transverse sections 
of a C-Fern lamina (A–I) and a mature sporangium (J–P). A. Calcofluor White staining all 
cell walls, including guard cell walls (inset). B. No primary antibody control. C. Detection 
of LM19 HG-epitope (low levels of methyl-esterification) in all middle lamellae and in outer 
periclinal walls of the epidermis and guard cell walls (inset). D. The LM20 anti-HG (high levels 
of methyl-esterification) mAb binds to all primary cell walls. E. The AGP/pectic arabinan-
epitope LM6 is not detected in the lamina. F. LM11 (anti-arabinoxylan) strongly labels xylem 
tracheid secondary cell walls. G. The LM25 xyloglucan-epitope is found in all primary cell 
walls, including those of guard cells (inset). H. LM21 anti-heteromannan binds to all cell 
walls, except to those of guard cells (inset). I. Callose is not immunodetected. J. Calcofluor 
White staining all cell walls. K. No primary antibody control showing weak autofluorescence 
of exospore walls. L. The anti-pectic HG antibody LM19 weakly binds to primary cell walls 
and to inner layers of secondary cell walls of the annulus. M. LM11 (anti-arabinoxylan) 
strongly labels secondary cell walls of the annulus. N. The LM21 heteromannan-epitope is 
immunodetected in all primary cell walls. O-P. The BS-400-2 callose antibody weakly binds 
to secondary cell walls of the annulus. ep, epidermis; gc, guard cell wall; me, mesophyll; x, 
xylem; ann, annulus with secondary cell walls; sp, spore; PL-, no pectate lyase pretreatment; 
PL+, pectate lyase pretreatment.
58 CHAPTER 3
galactans may be involved in controlling differentiation and/or function of 
phloem tissue. The lack of LM5-epitope detection in the gametophyte and 
the absence of any published account on the presence of galactans in fern 
gametophytes suggest that these polymers might play an important role in 
the elaboration of plant body plans and the differentiation of complex tissues 
or cell wall architectures. It is of interest that the LM5 galactan epitope was 
(variably) detected in the cortical parenchyma and water conducting cells of 
moss and liverwort gametophytes, which, compared to fern gametophytes, 
show a relatively higher degree of anatomical complexity (Ligrone et al., 
2002).
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 While arabinan has been immunolocalised in guard cell walls of 
angiosperms (e.g., Jones et al., 2003) and ferns s.l. including Equisetum 
arvense L. (Verhertbruggen et al., 2009b) and Adiantum raddianum C.Presl 
(Leroux et al., 2013b), we did not detect it in C-Fern guard cell walls. Pectate 
lyase pretreatment or labelling with undiluted mAb (hybridoma supernatant) 
did not result in binding of LM6 to guard cell walls. This suggests that either 
arabinans are not detectable or may not be required for guard cell functioning 
in C-Fern. It is of interest that the C-Fern plants used in this study were 
grown in high relative humidity which may have obviated the functional 
need for arabinan in guard cell walls. Moore et al. (2013) hypothesised that in 
resurrection plants, arabinose-rich polymers, which include pectic arabinans, 
facilitate cell wall flexibility and rehydration, properties that are important to 
the functioning of guard cell walls, especially in dryer environments. While 
appearing to be absent in sporophytic guard cell walls, we did detect the 
LM6-epitope in gametophytic rhizoids and sporophytic root hairs, but only 
after wholemount surface labelling. Lee et al. (2005) reported that LM6, in 
addition to pectic arabinan, also binds to arabinogalactan proteins. Several 
observations suggest that in C-Fern rhizoids and root hairs, the LM6-epitope 
may be associated with AGPs rather than pectic arabinan. First, we localised 
LM2 and JIM13 AGP-related epitopes in rhizoids, but as for LM6, these 
epitopes were also lost during sample processing but were readily detected 
in wholemount labelled gametophytes. Secondly, AGPs are often associated 
with cell membranes and we weakly immunodetected the LM6-epitope in 
cell membranes of C-Fern root tissues. The detection of AGP glycan-epitopes 
in C-Fern rhizoids and root hairs in this study, as well as in pollen tubes 
Figure 3.6. In situ localisation of cell wall glycan epitopes in equivalent sections through 
a C-Fern gametophyte and in rhizoids. A. Calcofluor White staining all cell walls. B. No 
primary antibody control. C. The LM19 HG-epitope (low levels of methyl-esterification) 
only detected in photosynthetic tissue at the base of the gametophyte, near rhizoids. D. The 
LM20 anti-HG (high levels of methyl-esterification) mAb binds to all primary cell walls of 
the photosynthetic tissue except to zones where LM19 is abundant. E–G. Details showing the 
localisation of pectic HG-epitopes in transverse sections through the photosynthetic tissue. 
Note that LM20 strongly binds to the outer cell walls. H. Calcofluor White staining all cell 
walls of a larger section that includes antheridia (double arrow) and archegonia (arrows). I. 
No primary antibody control. J. The AGP/pectic arabinan-epitope LM6 is not detected. K. 
LM25 xyloglucan-epitope labels all primary cell walls. Note strongly labelled rhizoid cell 
walls. L. LM21 anti-heteromannan weakly binds to primary cell walls but strongly labels 
archegonial cell walls (detail in inset). M. Anti-callose antibody BS-400-2 binds strongly to 
antheridia (detail in inset). N. Calcofluor White staining all rhizoidal walls. O. No primary 
antibody control. P. LM19 anti-HG (low levels of methyl-esterification) binds weakly to 
the rhizoid cell walls. Q. LM20 anti-HG (high levels of methyl-esterification) not detected. 
R–T. AGP/pectic arabinan mAb LM6, xyloglucan mAb LM15, and AGP-related mAb LM2, 
strongly label rhizoids. rh, rhizoids; pt, photosynthetic tissue.
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(Nguema-Ona et al., 2012) and Physcomitrella patens protonema (Lee et al., 
2005), suggests that AGPs may play a key role in tip-growth and control cell 
expansion in elongating cells. Moreover, the observed similarities in epitope-
abundance, particularly AGP- and xyloglucan-epitopes, in sporophyte root 
hairs and gametophyte rhizoids of C-Fern strongly suggest that a similar 
gene regulatory network may control their development. As AGP-epitopes 
were detected in the glycan array but nearly absent in resin sections, they 
were probably solubilised during sample processing. Therefore, we cannot 
draw any firm conclusions on AGP-epitope distribution in C-Fern organs 
and tissues. 
 Antheridial protoplasts of differentiating spermatocytes appeared to 
be embedded in a callose-rich matrix, an observation previously made by 
Cave & Bell (1973) on the basis of Periodic acid–Schiff and aniline blue 
staining. Similar patterns of callose deposition were reported in flowering 
plants during microsporogenesis (Nguema-Ona et al., 2012). Such callose 
matrices may function as a barrier isolating the differentiating protoplasts 
from gametophytic tissues, or, as a temporary wall that, after dissolution, 
results in an antheridium with free sperm cells. Whilst we detected a 
high relative amount of the callose-epitope in the root NaOH extraction, 
the antibody did not label sections through this organ and pectate lyase 
treatments did not result in new or enhanced binding. We did detect callose in 
the secondary cell walls of the sclerenchyma sheath and sporangium annulus 
in the petiole and lamina, respectively, suggesting that this polymer might 
be involved in secondary cell wall formation of non-vascular secondary cell 
walls. The callose found in the annulus secondary walls may have accounted 
for the callose detected in the NaOH extraction of laminae in our glycan 
array analysis.
 We used two antibodies that recognise different substructures of 
xyloglucan. LM15, which is directed against the XXXG-motif, labelled 
phloem cell walls. This epitope was previously specifically detected in 
phloem tissue of Equisetum ramosissimum Desf. (Leroux et al., 2011a) 
and Adiantum raddianum (Leroux et al., 2013b). A related anti-xyloglucan 
probe, LM25, directed towards a galactosylated  xyloglucan-epitope, bound 
more extensively, and labelled the primary cell walls of the phloem and the 
aerenchyma. These observations suggest that fine-structural modification of 
xyloglucan polymers may have played a role in the evolution of specialised 
tissues in tracheophytes. 
 Without exception, all secondary cell walls of the sporophyte, 
including those of the sclerenchyma sheath, xylem and sporangial annuli, 
were xylan-rich. In contrast, we did not detect the LM11 xylan-epitope 
in gametophytes suggesting that xylan-polymers might be restricted to 
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sporophytes. This is consistent with the results of Carafa et al. (2005), who 
found that xylan-epitopes were specifically detected in mechanical and 
vascular tissues in tracheophytes, but also in specific cell wall layers in 
pseudoelaters and spores in hornwort sporophytes. Kulkarni et al. (2012) 
reported the occurrence of xylan-epitopes in the moss Physcomitrella 
patens, and observed that xylans were detected in walls that contained 
relatively small amounts of xyloglucan. It is of interest to note that the anti-
xyloglucan probe LM25 bound extensively to all gametophytic cell walls. 
Further analysis is necessary to provide conclusive evidence on the absence 
of xylans in fern gametophytes. We detected a mannan-epitope in tracheid 
cell walls but not in the secondary cell walls of the sclerenchyma sheath nor 
in sporangial annuli. This suggests that sclerenchyma secondary walls in 
C-Fern are xylan- rather than mannan-rich, an apparent exception among 
ferns as the mannan-epitope was previously found in secondary walls of 
the strengthening tissue of Equisetum ramosissimum (Leroux et al., 2011a) 
and many leptosporangiate ferns (Leroux O., unpublished results). It is 
known from the literature that mannans and/or xylans are the most abundant 
hemicelluloses in secondary cell walls of vascular plants with their relative 
abundance depending on plant lineage and tissue or cell type (Harris, 2005; 
Donaldson & Knox, 2012; Kim & Daniel, 2012a,b). It would be of interest 
to determine the relative timing of xylan, mannan and lignin deposition in 
fern tracheid and sclerenchyma cell walls. While we showed the differential 
occurrence of the LM21 mannan-epitope in secondary cell walls, they 
were detected in nearly all primary cell walls of C-Fern sporophytes and 
gametophytes, supporting reports that fern primary cell walls are mannan-
rich (e.g., Popper & Fry, 2004; Marcus et al., 2010; Silva et al., 2011). 
Several observations are suggestive of a mechanical role for mannans in 
primary cells walls of C-Fern. Guard cell walls were the only epidermal 
walls in which no mannans where detected, and, in aerenchyma tissue of the 
petiole, LM21 binding was considerably stronger in the walls delineating 
the air cavities. 
CONCLUSIONS
Comparison of the abundance and distribution of glycan epitopes between 
C-Fern gametophytes and sporophytes indicated that functional specialisation 
is largely reflected in the composition of cell walls. This was demonstrated 
by the restricted detection of xylan- (LM11) and galactan- (LM5) epitopes 
in specialised sporophyte tissues, as well as by a clear similarity in glycan 
epitope abundance between sporophytic and gametophytic tissues that 
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perform similar functions (photosynthetic tissues and rhizoids/root hairs). 
These observations emphasise that gaining insight in tissue and cell-type 
specific cell wall architectures is essential for evaluating taxonomic variation 
in cell wall composition and therefore key to a better understanding of cell 
wall evolution.
 While many aspects are in favour of selecting C-Fern as a model 
system, we need to keep in consideration that, as in all major plant lineages, 
great morpho-anatomical diversity also exists within ferns, and therefore 
results obtained in C-Fern cannot be generalised and are not necessarily 
transferable to other fern taxa. However, when genetic data emerge, with 
Ceratopteris currently being a good candidate for whole-genome sequencing, 
detailed information of tissue-specific distribution of cell wall components 
will contribute to a more integrated understanding of fern cell wall evolution 
by filling the “plant lineage gap” between seed plants and lycophytes and 
allowing comparison of cell wall features of genome sequenced taxa across 
the (land) plant kingdom.


DISTRIBUTION OF MIXED-LINKAGE GLUCAN IN THE FERN 
CErAtoPtErIS rICHArdII ‘C-FERN’ SUGGESTS A ROLE IN 
CELL WALL STRENGTHENING
4
In this chapter, we discuss the discovery of mixed-linkage glucan-epitopes 
in C-Fern and determine their spatio-temporal location to provide clues 
about their potential biological function.
Adapted from Eeckhout S, Doblin MS, Popper ZA, Viane RLL, Beahan CT, 
Willats WGT, Bacic A, Leroux O. Distribution of mixed-glucan in the fern 
Ceratopteris richardii ‘C-Fern’ suggests a role in cell wall strengthening. In 
preparation. 
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INTRODUCTION
Plant cell walls are complex and dynamic structures that have evolved 
to fulfil a broad range of biological roles underpinning plant growth and 
development, as well as responses to environmental cues. Traditionally, 
they are classified as either primary or secondary walls on the basis on 
whether they are laid down during expansion (former) or following the 
cessation of expansion (latter). Primary walls can increase their surface 
area and therefore allow cell elongation, whereas secondary walls hinder 
expansive growth but confer strength to tissues and organs (Fry, 2001). To 
achieve a wide spectrum of functional requirements, plant cell walls display 
a high degree of diversity in their molecular and structural organisation. 
They are composed of cellulose microfibrils interspersed by a diverse set 
of components including non-cellulosic polysaccharides (e.g., heteroxylan, 
xyloglucan, mixed-linkage glucan, callose, and heteromannan), pectins 
(e.g., homogalacturonan, rhamnogalacturonan-I, rhamnogalacturonan-
II, xylogalacturonan), glycoproteins, and in most secondary walls lignin 
(Cosgrove, 2005; Knox, 2008; Burton et al., 2010; Doblin et al., 2010, 
2014). The presence, fine-structure, and relative abundance of these 
wall components not only depend on cell and tissue type, but also on the 
phylogenetic position of the plant in which they occur. Indeed, many reports 
have highlighted considerable variation within and among the major land 
plant lineages, which include bryophytes, lycophytes, ferns, gymnosperms, 
and flowering plants (Harris, 2005; Popper, 2008; Burton et al., 2010; Fry, 
2011; Fangel et al., 2012). Though not encompassing for the high level of 
variation observed across land plants, three general primary wall types have 
been described. Type I walls are xyloglucan- and pectin-rich and are found in 
eudicots, gymnosperms, and non-commelinid monocots, while type II walls 
are present in commelinid monocots and contain glucuronoarabinoxylans, 
(1→3, 1→4)-β-D-glucans (mixed-linkage glucans or MLGs) and only 
low amounts of pectin (Carpita and Gibeaut, 1993). More recently, a third 
mannan-rich wall type, typical of ferns, was described by Silva et al. (2011). 
Nonetheless, it is now clear that the incredible heterogeneity observed 
throughout evolution points towards a continuum of wall structures rather 
than discrete types (Doblin et al., 2010).
 (1→3, 1→4)-β-D-glucans have received considerable attention in 
recent years due to their biological and biotechnological importance (Burton 
and Fincher, 2009; Harris and Fincher, 2009). It has been assumed that the 
occurrence of MLGs was restricted to the order Poales and some closely 
related families within the commelinid monocots (Stinard and Nevins, 
1980; Buckeridge et al., 2004; Trethewey et al., 2005). This view has been 
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challenged due to the discovery of MLGs or MLG-like polysaccharides 
in the fern Equisetum L. (Fry et al., 2008; Sørensen et al., 2008; Xue and 
Fry, 2012), the lycophyte Selaginella P.Beauv. (Harholt et al., 2012), and 
some leptosporangiate ferns including Asplenium L. (Leroux et al., 2015). 
Moreover, MLGs have also been detected in red, brown, and charophycean 
green algae (e.g., Micrasterias C.Agardh ex Ralfs, Cosmarium, and 
Pleurotaenium; Ford and Percival, 1965; Nevo and Sharon, 1969; Popper and 
Fry, 2003; Eder et al., 2008; Harris and Fincher, 2009; Sørensen et al., 2011; 
Salmeán et al., 2017), bryophytes (Popper and Fry, 2003), ascomycetous 
and basidiomycetous pathogenic fungi (Fontaine et al., 2000; Latgé et al., 
2005; Burton and Fincher, 2009; Pettolino et al., 2009), and lichen-forming 
ascomycete symbionts (e.g., Cetraria islandica (L.) Ach.; Stone and Clarke, 
1992; Gorin et al., 1998; Honegger and Haisch, 2001; Burton and Fincher, 
2009). 
 Structurally, MLGs are neutral homopolymers composed of long 
and unbranched chains of β-D-glucopyranose (Glcp) residues with both 
(1→3) and (1→4) linkages (Meikle et al., 1994; Fry, 2000; Lazaridou et 
al., 2004; Burton and Fincher, 2009). The (1→3) linkages are thought to 
provide “kinks” in the polysaccharide chain contributing to its solubility in 
water, while the (1→4) linkages provide rigidity and promote insolubility 
(Woodward et al., 1983; Fry, 2000). In Poaceae species, (1→3)- and 
(1→4)-linked β-glucosyl residues are neither arranged randomly, nor 
in strictly repeating sequences. The (1→3) linkages occur singly and are 
mostly separated by either two or three (1→4) linkages, with a DP3:DP4 
ratio in the range of 2.2-2.6:1, although longer cellodextrins may also be 
present in low levels (Fincher and Stone, 2004; Harris and Fincher, 2009). 
In Equisetum, on the other hand, the cellotetraosyl units (DP4) are the most 
abundant MLG-oligosaccharides and the DP3:DP4 ratio is approximately 
0.1:1 (Sørensen et al., 2008). 
 In Poaceae species, MLGs have been found in cell walls of 
vegetative organs, including coleoptiles, in which MLGs accumulate 
during the elongation phase before being hydrolysed upon cessation of 
growth (Vega-Sánchez et al., 2013). They are also found in the endosperm 
of Poaceae seeds where they serve as energy storage polysaccharides 
(Vega-Sánchez et al., 2013). Furthermore, immunocytochemical evidence 
suggests that in some Poales taxa, MLGs are present in the secondary walls 
of xylem tracheary elements as well as sclerenchyma fibres. For example, 
in rice, a high abundance of MLGs was detected in the sclerenchyma 
fibres of developing leaf primordia as well as in mature leaves and stems 
(Trethewey et al., 2005; Burton and Fincher, 2009; Vega-Sánchez et al., 
2013). This led to the hypothesis that MLGs may also play a role in cell 
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wall reinforcement (Vega-Sánchez et al., 2013). In ferns, MLGs have been 
detected in developing and mature tissues of Equisetum, particularly in the 
fully expanded sclerenchymatous walls of the cortex (Sørensen et al., 2008; 
Leroux et al., 2015). In the petiole of the leptosporangiate fern Asplenium 
elliottii C.H.Wright, MLG-epitopes were found in the epidermis, the cortex 
(sclerenchyma and surrounding parenchymatous tissues), as well as in the 
pericycle of the vascular stele (Leroux et al., 2015). 
 Taken together, recent reports indicate that the occurrence of 
MLGs in land plants may not be restricted to the Poales and Equisetum, 
and that MLGs may serve multiple biological roles depending on their 
fine structure, tissue-specific occurrence, and potential turn-over. The aims 
of this study were to confirm the presence and fine-structure of MLGs in 
the leptosporangiate fern Ceratopteris richardii Brongn., and to provide 




Ceratopteris richardii ‘C-Fern’ spores were purchased from Carolina 
Biological Supply Company (Burlington, USA), surface-sterilised and 
sown as described in Chapter 3. Gametophytes were grown on agar plates 
in a growth cabinet at 28 °C under continuous light (80 µmol m-2 s-1). After 
fertilisation, the young sporophytes were transferred to universal potting soil 
and kept in a greenhouse facility at 25 °C under 90–100% relative humidity 
and with a 16 hour light and eight hour dark schedule.  
Preparation of cell wall material
Alcohol insoluble residue (AIR) was prepared by collecting roots, petioles, 
and fertile laminae of the sporophytes (Pettolino et al., 2012). These were 
homogenised in liquid nitrogen using a mortar and pestle. Subsequently, a 
series of 70% (v/v) ethanol extractions were carried out to remove alkaloids, 
tannins, pigments, and soluble sugars from the residues. The residues were 
washed for 5 min with 100% acetone, before air-drying the pellets overnight. 
Glycan microarray analysis
Glycans were sequentially extracted with 50 mM CDTA (diamino-
cyclohexane-tetraacetic acid, pH 7.5) and 4 M NaOH.  Microarray printing, 
probing, and analysis was performed as described in Chapter 3. 
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MLG endo-hydrolase digestion and high-performance anion-exchange 
chromatography (HPAEC) analysis
AIR (10–15 mg) was extracted 3 times with 5 ml 20 mM NaPO4 buffer, 
pH 6.5, for 2 h at 50 °C in a shaking incubator (200 rpm), and walls were 
collected by centrifugation (3,400 × g, 5 min). The pelleted AIR then was 
resuspended in 5 ml NaPO4 buffer to which 100 μl β-glucan hydrolase was 
added. The mixture was incubated for 2 h at 50 °C with continuous mixing, 
after which the supernatant was collected (as the β-glucan hydrolase-released 
oligosaccharides), desalted on a graphitised carbon cartridge, and dried. 
The released oligosaccharides were separated by HPAEC on a CarboPac 
PA1 column (Dionex) equilibrated with 50 mM NaOAc in 0.2 M NaOH 
using a Dionex BioLC ICS 300 system (Dionex) equipped with a pulsed 
amperometric detector (PAD). Oligosaccharides were eluted at 1 ml/min 
with a linear gradient of NaOAc from 50 mM in 0.2M NaOH to 350 mM 
in 0.2 M NaOH over 15 min. AIR of mature barley leaves was processed as 
described above and analysed as a positive control.
Plant tissue fixation and embedding
Segments of petioles at different developmental stages were fixed in 4% 
(v/v) paraformaldehyde in PEM buffer (100 mM PIPES, 10 mM MgSO4, 10 
mM ethylene glycol tetra-acetic acid (EGTA), pH 6.9) at room temperature 
(RT) for 2 h and washed extensively in phosphate-buffered saline (PBS, 
prepared from a 10x stock solution: 80 g NaCl, 28.6 g Na2HPO4.12H2O, and 
2 g KH2PO4 in 1 litre de-ionized H2O, pH 7.2). Subsequently, the samples 
were dehydrated in an ethanol series (30, 50, 70, 94, and 100% ethanol) 
for one hour in each step and then gradually infiltrated with LR White 
resin (medium grade, London Resin Company, London, UK). The petiole 
segments were imbedded using polypropylene embedding moulds and Aclar 
film (Electron Microscopy Sciences, Hatfield, PA, USA) and hardened in an 
oven at 58 °C for 24 h. 
Indirect immunofluorescence 
For immunofluorescence, sections of 0.5 µm were made from the LR White 
blocks and mounted on polylysine-coated slides. A range of glycan-directed 
monoclonal antibodies (mAbs) were used, including LM11 (heteroxylan; 
McCartney et al., 2005), LM21 (heteromannan; Marcus et al., 2010), 
LM15 (XXXG motif of xyloglucan; Marcus et al., 2008), LM25 (XXXG/
galactosylated xyloglucan; Pedersen et al., 2012), LM19 (low-esterified 
homogalacturonan; Verhertbruggen et al., 2009a), and LM20 (high-esterified 
homogalacturonan; Verhertbruggen et al., 2009a), all which were purchased 
from PlantProbes (www.plantprobes.net). BS-400-2 ((1→3)-β-glucan or 
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callose; Meikle et al., 1991) and BS-400-3 (MLG; Meikle et al., 1994) 
antibodies were obtained from BioSupplies (www.biosupplies.com.au). 
Sections were blocked in 3% (w/v) non-fat milk protein in PBS (MP/PBS) 
for 30 min and then incubated in primary mAb in MP/PBS for 2 h at RT. Rat 
mAbs were diluted 10-fold and mouse mAbs (BS-400-2 and BS-400-3) 100-
fold. After rinsing with PBS, sections were incubated with a 100-fold dilution 
of anti-rat (F6258, Sigma-Aldrich, Belgium) or anti-mouse (F0257, Sigma-
Aldrich, Belgium) fluorescein isothiocyanate (FITC)-conjugated secondary 
antibodies in MP/PBS for 2 h at RT. Negative controls (no primary antibody) 
were performed to check for background labelling. To visualise cell walls, 
sections were stained with Calcofluor White (Fluorescent brightener 28, 
Sigma, St Louis, MO, USA; 0.25 µg mL-1 in dH2O), which stains β-glucans, 
such as cellulose, (1→3)-β-glucan and MLG. Slides were mounted with 
an anti-fade agent (Citifluor AF2, Agar Scientific, Stanstead, UK). Images 
were captured with a Nikon DS-Fi1c camera mounted on a Nikon Eclipse 
Ni-U epifluorescence microscope. As pectic homogalacturonan may mask 
xyloglucan- and mannan-epitopes (Marcus et al., 2008, 2010), sections 
were pretreated with pectate lyase as described in Marcus et al. (2008). 
All anti-MLG labelled sections were pretreated with pectate lyase. Prior 
to incubation with the anti-MLG primary antibody, some sections were 
pretreated with lichenase from Bacillus sp. (E-LICHN, Megazyme, 
Ireland) or endo-β-1→3-glucanase from Hordeum vulgare L. (E-LAMHV, 
Megazyme, Ireland) or endo-β-1→4-glucanase from Aspergillus niger van 
Tieghem (E-CELAN, Megazyme, Ireland) or endo-β-1→4-xylanase from 
trichoderma longibrachiatum Rifai (E-XYTR2, Megazyme, Ireland) or 
xyloglucanase from Paenibacillus sp. (E-XEGP, Megazyme, Ireland). For 
the lichenase pretreatment, the sections were incubated with 0,33 mg/ml 
(w/v) of lichenase in 100 mM sodium phosphate buffer (pH 6.5) for 2 h at 38 
°C. The treatment with endo-β-1→3-glucanase was performed with 5 mg/
ml (w/v) of endo-β-1→3-glucanase in 100 mM sodium acetate buffer (pH 
5.0), and the endo-β-1→4-glucanase treatment was with 10 mg/ml (w/v) of 
endo-β-1→4-glucanase in 100 mM sodium acetate buffer (pH 4.5). For the 
xylanase pretreatment, 100 mg/ml (w/v) of β-xylanase in 100 mM sodium 
acetate buffer (pH 5.0) was used and for the xyloglucanase treatment 50 mg/
ml (w/v) of xyloglucanse in 100 mM sodium acetate buffer (pH 5.5). The 
sections of the last four treatments were incubated for 2 h at 40 °C. 
Histochemical staining of lignin
Plant material was embedded in Paraplast as described by Ruzin (1999). 
Sections of 10 µm were cut with a rotary microtome (Microm HM360, 
Microm International GmbH, Germany) and mounted on polylysine-
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coated slides. After dewaxing and rehydrating, sections were stained with 
phloroglucinol (Wiesner) and potassium permanganate (Mäule staining). For 
the Wiesner staining, sections were incubated in 2% (w/v) phloroglucinol in 
95% (v/v) ethanol for 5 minutes. Then they were rinsed in 37% (v/v) HCl 
and mounted in water. For the Mäule staining, samples were incubated in 
1% (w/v) KMnO4 for 5 minutes, quickly rinsed in water, and incubated in 
37% (v/v) HCl for 2 minutes before adding a drop of 30% (v/v) NH3. Images 
were captured using a Nikon DXM 1200 digital camera mounted on a Nikon 
Eclipse E600 microscope.
RESULTS
Detection and relative abundance of MLG-epitopes in C-Fern organs
Glycan microarray profiling was performed to assess the relative abundance 
of the BS-400-3-epitope, hereinafter referred to as the MLG-epitope, in 
roots, petioles, and laminae of C-Fern sporophytes. The resulting heat map 
is displayed in Figure 4.1 and shows that the MLG-epitope was detected in 
all investigated organs in both CDTA and NaOH extractions with the highest 
relative abundance in the petioles. For that reason, all further experiments 
were carried out on C-Fern petioles. 
Figure 4.1. Glycan microarray heatmap indicating the relative abundance of MLGs and other 
glycan epitopes in sequential CDTA and NaOH extractions of different organs of Ceratopteris 
richardii sporophytes.
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Confirmation of the presence of MLGs in C-Fern
To provide biochemical confirmation of the presence of MLGs in 
Ceratopteris petioles, walls of alcohol-insoluble residue (AIR) were 
prepared and digested with lichenase and the released oligosaccharides 
profiled by HPAEC. Lichenase hydrolyses (1→4)-β-Glc linkages when these 
linkages are on the reducing-end side of a (1→3)-β-Glc residue, yielding a 
series of oligosaccharides. These oligosaccharides are diagnostically the tri-
saccharide G4G3GR and the tetra-saccharide G4G4G3GR (in which G is 
β-D-Glcp, 3 and 4 indicate (1→3) and (1→4) linkages, respectively, and 
GR is the reducing terminal residue). The HPAEC profiles show that the 
diagnostic tri- (G4G3GR) and the tetra- (G4G4G3GR) saccharides were 
detected in the Ceratopteris petiole sample (Figure 4.2). The third peak 
could be oligosaccharides with a DP higher than 4 or oligosaccharides that 
were not yet split due to insufficient incubation in the lichenase-solution. The 
quantification and determination of the molar ratio of tri- to tetrasaccharide 
(DP3:DP4) is yet to be assessed. 
Figure 4.2. HPAEC profiles of oligosaccharides released upon β-glucan hydrolase digestion 
of total walls (AIR) of Ceratopteris (C-Fern) petioles and barley (as a positive control). 
G4G3GR (3-o-β-cellobiosyl-Glc, DP3), and G4G4G3GR (3-o-β-cellotriosyl-Glc, DP4) 
peaks in the barley profile are indicated.
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Figure 4.3. In situ localisation of MLG-epitopes (BS-400-3) in transverse sections of a 
mature C-Fern petiole base. Calcofluor White fluorescence shows all cell walls (B, D, F). 
A. Anti-MLG mAb strongly labels the sclerenchyma sheath secondary walls and to a lesser 
extent the walls of peripheral cortical and epidermal tissues. C. Higher magnification of a 
vascular bundle shows that the secondary walls of the sclerenchyma sheath are labelled. A 
merge of MLG-labelling and Calcofluor White staining shows that only the outer part of the 
secondary wall is labelled (inset). E. While MLGs are deteacted in all epidermal walls it is 
not found in the stomatal guard cells as well as in the walls of the subsidiary cells closest to 
the guard cells (arrows indicate labelled walls of the subsidiary cells). ae, aerenchyma; ep, 
epidermis; ss, sclerenchyma sheath; vb, vascular bundle; ph, phloem; x, xylem; gc, guard 
cell; sc, subsidiary cell; PL+, pectate lyase pretreatment.
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In situ localisation of MLG-epitopes in a mature petiole base
The sub-cellular distribution of MLGs was assessed by indirect 
immunofluorescence labelling using the BS-400-3 mAb. To provide an 
anatomical context, Calcofluor White, a non-specific fluorochrome with 
affinity for β-glucans, was employed to visualise all cell walls (Figure 
4.3B, D, F). MLG-epitopes were abundant in the secondary walls of the 
sclerenchyma sheaths, which surround the vascular bundles, and, albeit to a 
lesser extent, in the outer cortical and epidermal walls (Figure 4.3A, C, E). 
Of interest is that an inner layer of the secondary walls of the sclerenchyma 
sheath was not labelled with the BS-400-3 antibody (Figure 4.3C, inset). 
Moreover, whereas the MLG-epitope was abundant in the secondary walls of 
the sclerenchyma sheath cells, it was not found in the secondary walls of the 
xylem tracheids (Figure 4.3C). While all epidermal walls labelled strongly, 
guard cell walls and the adjacent walls of the subsidiary cells remained 
unlabelled (Figure 4.3E). This observation was consistent, irrespective of 
the stomata being either open or closed (data not shown). To check for false-
positive detection of MLGs, C-Fern sections were pretreated with lichenase, 
a (1→3), (1→4)-β-D-glucan-specific endoglucanase. The target sites of 
lichenase are all the (1→4) bonds that immediately follow a (1→3) bond 
(Meikle et al., 1994; Planas, 2000). This pretreatment abolished BS-400-
3 antibody binding (Figure 4.4). Equivalent sections were also pretreated 
with endo-β-1→3-glucanase and endo-β-1→4-glucanase. While the endo-
β-1→3-glucanase treatment resulted in a weaker MLG labelling (Figure 
4.5B), pretreatment with endo-β-1→4-glucanase abolished MLG labelling 
(Figure 4.5C). 
Spatio-temporal distribution of MLG-epitopes in developing petioles
As MLG-distribution has been shown to display considerable spatial and 
temporal variation in vegetative tissues of some cereals, we assessed the 
spatial distribution of the MLG-epitope in developing C-Fern leaves, which, 
for the most part, were still curled up in croziers (see Chapter 2 for images of 
C-Fern leaves and croziers). Uncoiling is mediated by differential growth; 
petiole segments just below the coiled part of the crozier have either stopped 
or are about to cease elongation (Tryon and Tryon, 1982). Comparison of 
BS-400-3-labelling of sections made at the petiole base as well as just below 
and within the coiled part of the crozier allowed us to assess whether the 
MLG-epitope accumulates before, during and/or after elongation. Equivalent 
sections were labelled with the mAb LM11 directed against xylan, which 
served as a marker for the presence of secondary walls. 
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Figure 4.4. Effect of lichenase enzyme treatment on MLG-epitope detection in transverse 
sections of a C-Fern petiole. A. MLG-epitopes present in secondary walls of the sclerenchyma 
sheath. No lichenase pretreatment. B. After lichenase pretreatment, anti-MLG mAb binding 
is abolished. C. After enzyme buffer treatment, the BS-400-3 labelling signal was slightly 
weaker. D. No primary antibody control. ss, sclerenchyma sheath; ph, phloem; x, xylem.
 Transverse sections through croziers with heights of 1.5, 4, and 8 
cm, respectively, were compared. Labelling the base of a 1.5 cm crozier 
with the mAb BS-400-3 resulted in a strong binding to the secondary 
walls of the sclerenchyma sheath and a very weak binding of the primary 
walls of the aerenchyma (Figure 4.6B). LM11 strongly labelled secondary 
walls of the xylem vessels as well as those of the sclerenchyma sheath 
(Figure 4.6C). Cells of the sclerenchyma sheath facing the centre of the 
petiole (in transverse plane) either displayed weak or no binding signals 
(Figure 4.6C, zone indicated with asterisk). The vascular tissues and the 
adjoining pericycle and endodermis were not labelled (Figure 4.6C). In the 
base of a 4 cm crozier, BS-400-3 bound strongly to the secondary walls 
of the sclerenchyma sheath and weakly to the aerenchyma (Figure 4.6F), 
while xylan was detected in the secondary walls of the xylem tracheids 
as well as the sclerenchyma sheath (Figure 4.6G). In the base of an 8 cm 
crozier, BS-400-3 labelled the secondary walls of the sclerenchyma sheath 
as well as the primary walls of the aerenchyma (Figure 4.6J). LM11-
binding was restricted to the secondary walls of the tracheids and the 
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sclerenchyma sheath (Figure 4.6K). MLG-epitopes were not detected in the 
section just below the curled segment of the latter crozier (Figure 4.6N). 
In an equivalent section, the LM11 xylan-epitope was only detected in the 
secondary walls of the tracheids (Figure 4.6O). The sclerenchyma sheaths 
of the latter segment lacked secondary walls and the metaxylem was not 
yet fully differentiated. The BS-400-3 antibody did not bind to a section 
through the coiled segment of the crozier (Figure 4.6R), which, apart from 
the protoxylem, did not contain secondary walls. Weak LM11 binding was 
observed in the protoxylem tracheids (Figure 4.6S). These results show that 
the MLG-epitope accumulates in secondary walls of the sclerenchyma after 
growth has ceased.
Spatial distribution of MLG-epitopes in mature leaves
To assess variation in MLG distribution and relative abundance within 
mature petioles, transverse sections through the petiole and/or rachis (the 
main axis of the frond) were labelled. In a first C-Fern leaf, we sectioned 
Figure 4.5. Effect of endo-β-1→3-glucanase and endo-β-1→4-glucanase enzyme treatment 
on MLG-epitope detection in transverse sections of a C-Fern petiole. A. MLG-epitopes 
present in secondary walls of the sclerenchyma sheath. No glucanase pretreatment. B. 
Endo-β-1→3-glucanase treatment results in a weaker MLG labelling. C. After endo-β-1→4-
glucanase pretreatment, the anti-MLG mAb binding is abolished. D. No primary antibody 
control. ss, sclerenchyma sheath; ph, phloem; x, xylem.
78 CHAPTER 4
Figure 4.6. In situ localisation of MLG-epitopes (BS-400-3) and xylan-epitopes (LM11) in 
transverse sections of four C-Fern croziers of different sizes. Position of the sections are 
indicated on drawings of the croziers on the left of the image panel. All croziers are drawn 
to the same scale, with the largest crozier measuring 8 cm in height. Calcofluor White 
fluorescence visualizes all cell walls (A, E, I, M, Q). A-D.  Base of a 1.5 cm high crozier. 
B. Strong binding of the BS-400-3 mAb of the secondary walls of the sclerenchyma sheath 
and a weak binding of the aerenchyma. C. The anti-xylan mAb LM11 was detected in all 
secondary walls. Cells of the sclerenchyma sheath located opposite the centre of the section, 
displayed weak or no binding signals (*). E-H. Base of a 4 cm high crozier. F. MLG-epitopes 
were found in the aerenchyma and in secondary walls of the sclerenchyma sheath. G. Xylan 
detected in the all secondary walls and not detected in the aerenchyma. I-L. In the base of 
8 cm high crozier, comparable labelling patterns for MLGs and xylan were obtained as in 
(Figure 4.6F, G). M-P. MLG-epitopes appeared to be absent in sections just below the curled 
segment of the latter crozier (N), while xylan was only detected in the secondary walls of 
the xylem tracheids (O). Q-T. While MLG-epitopes were absent in the coiled segment of 
the crozier, LM11 labelled protoxylem secondary walls. D, H, L, P, T. No primary antibody 
controls. ae, aerenchyma; ss, sclerenchyma sheath; ph, phloem; x, xylem; px, protoxylem; 
PL+, pectate lyase pretreatment.
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tissues at three locations: in the rachis (Figure 4.7A-C), in the zone just 
below the rachis (Figure 4.7D-F), and at the petiole base (Figure 4.7G-
I). In all sections, the BS-400-3 mAb strongly bound to the secondary 
walls of the sclerenchyma sheath (Figure 4.7B, E, H) with the strongest 
binding observed in the petiole base (Figure 4.7H). The aerenchyma was 
also weakly labelled in all sections (Figure 4.7B, E, H). In older and often 
larger petioles, sclerenchyma walls are generally impregnated with yellow-
brown pigments (see Figure 4.8B, D). As a result of this pigmentation, dark 
strands, corresponding to the sclerenchyma sheaths, are seen running along 
the green petioles. BS-400-3 labelling of a section through the base of such 
a petiole resulted in binding to the secondary walls of the sclerenchyma 
sheath (Figure 4.7K). Compared to the section through the base of a green 
petiole (Figure 4.7H), labelling was, however, weaker. It is possible that 
impregnation of the secondary walls with pigments partly hinders access to 
MLG-epitopes.
Cell type specific co-localization with other glycan epitopes
As MLG-epitopes were not detected in all primary and secondary walls 
of the petiole, we investigated whether other cell wall components 
specifically co-occurred with the MLG-epitope. All observations reported 
are summarized in Table 4.1. As mentioned above, MLG-epitopes were 
detected in the secondary walls of the sclerenchyma sheath (with exception 
of an inner layer) and in the primary walls of the aerenchyma tissue close to 
the epidermis and vascular bundles (Figure 4.9B). We investigated whether 
the presence of two main cell wall components, xylan and xyloglucan, 
had an influence on the detection of MLG-epitopes by performing enzyme 
treatments with xylanase and xyloglucanase. The MLG-binding pattern 
remained unaffected after unmasking with xylanase (data not shown). After 
xyloglucanase pretreatment, MLG labelling was reduced (data not shown). 
Xylan-epitopes using LM11 as probe were detected in the secondary walls 
of the xylem tracheids and in the sclerenchyma sheath (Figure 4.9C). 
LM21 (anti-mannan) bound weakly to most of the primary walls as well 
as to the tracheid secondary walls; stronger binding was observed in the 
primary walls of the sclerenchyma sheath (Figure 4.9D). Xyloglucan 
(XG) epitopes, detected by the mAbs LM15 (XXXG motif of xyloglucan) 
(Figure 4.9E) and LM25 (XXXG/galactosylated xyloglucan) (Figure 4.9F), 
were only observed in primary walls. Pectic homogalacturonan (HG) was 
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Figure 4.7. In situ localisation of MLG-epitopes (BS-400-3) in transverse sections of 
different zones from mature C-Fern leaves. In all sections (B, E, H), MLG-epitopes were 
detected in the aerenchyma and in the secondary walls of the sclerenchyma sheath with the 
strongest binding at the base of the petiole (H). K. Labelling of the base of an older petiole, 
in which the sclerenchyma walls are already impregnated with yellow-brown pigments, 
resulted in a strong binding of the secondary walls of the sclerenchyma sheath and in a weak 
binding of the aerenchyma. Compared to the section in (H), binding is weaker probably due 
to pigmentation in the secondary walls. A, D, G, J. Calcofluor White fluorescence shows all 
cell walls. C, F, I, L. No primary antibody control. ss, sclerenchyma sheath; ph, phloem; x, 
xylem; PL+, pectate lyase pretreatment.
immunolocalised using the mAbs LM19 (low-esterified HG) and LM20 
(high-esterified HG). LM19 bound to the primary walls of the xylem and 
to those of the aerenchyma as well as to cell juctions of the sclerenchyma 
cells (Figure 4.9G). LM20 bound to the primary walls of the xylem and 
aerenchyma, to the middle lamellae of the sclerenchyma and to the inner 
layer of the sclerenchyma secondary walls (Figure 4.9H). BS-400-2 (anti-
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mAb/dye specificity  xylem sclerenchyma aerenchyma 
 prim sec prim sec  
mixed-linkage glucan (BS-400-3) - - - +* + 
heteroxylan (LM11) - + - + - 
heteromannan (LM21) + - + - - 
xylosylated xyloglucan (LM15) - - + - + 
galactosylated xyloglycan (LM25) - - + - + 
homogalacturonan, low ME levels (LM19) + - +** - + 
homogalacturonan, high ME levels (LM20) + - + +*** + 
callose (BS-400-2) - - - +**** - 
lignin + + + + - 
 
Table 4.1. Cell wall polysaccharide distribution in different tissues of Ceratopteris richardii 
based on immunolabelling and dye staining. Key: prim, primary cell wall; sec, secondary 
cell wall; +, present; -, absent; *, inner cell wall layer is not labelled; **, mainly present in 
the middle lamella; ***, restricted to the inner cell wall layer; ****, not uniformly labelled, 
spotted pattern.
Figure 4.8. Histochemical staining of lignin in equivalent transverse sections of a C-Fern 
petiole. A. Phloroglucinol staining resulted in the walls of the tracheids turning red and the 
walls of the sclerenchyma sheath pink. C. After potassium permangate staining, the walls 
of the tracheids were brownish and those of the sclerenchyma sheath pink. B, D. Control 
sections without staining. ss, sclerenchyma sheath; ph, phloem; x, xylem.
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callose) weakly bound in a punctuated manner to the secondary walls of the 
sclerenchyma sheath but not to tracheid walls (data not shown). 
 In Equisetum, lignin is absent in the MLG-positive cell walls, 
therefore it was of interest to assess the presence of lignin in C-Fern. Currently 
there are no mAb that can detect lignin and therefore we used convential 
lignin-specific histochemical stains, i.e. phloroglucinol (Wiesner) and 
potassium permanganate (Mäule) staining. Phloroglucinol stained tracheid 
walls red and the cell walls of the sclerenchyma sheath pink. After Maüle 
staining, tracheid walls appeared brownish and those of the sclerenchyma 
sheath pink (Figure 4.8). 
Figure 4.9. In situ localisation of cell wall glycan epitopes in equivalent transverse sections 
of a C-Fern petiole. A. Calcofluor White fluorescence shows the full extent of the cell walls. 
B. BS-400-3 (MLG-epitope) binding to the secondary walls of the sclerenchyma sheath and 
the aerenchyma. C. LM11 (anti-xylan) labelling the secondary walls of the sclerenchyma 
sheath and the xylem. D. LM21, anti-heteromannan, binding to the primary walls of the 
xylem and the sclerenchyma sheath. E-F.  LM15- and LM25- (anti-xyloglucan) epitopes 
present in all primary walls and absent in the secondary walls. G. Detection of the LM19 
homogalacturonan-epitope in the primary walls of the xylem and aerenchyma as well as 
in the cell junctions of the sclerenchyma cells. H. LM20, anti-homogalacturonan detected 
in primary walls of xylem and aerenchyma, in the middle lamellae of the sclerenchyma 
and in the inner layer (arrow) of the sclerenchyma secondary walls. I. No primary antibody 
control. ae, aerenchyma; ss, sclerenchyma sheath; ph, phloem; x, xylem; PL+, pectate lyase 
pretreatment.
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DISCUSSION
detection and structure of MLGs in C-Fern 
Although recent studies suggested the presence of MLGs in lycophytes 
and ferns other than Equisetum (e.g., Harholt et al., 2012; Leroux et al., 
2015), the provided evidence was solely obtained through immuno-based 
approaches using the anti-MLG mAb BS-400-3. We showed that this mAb 
also binds to cell walls in C-Fern petioles. However, it has been reported 
that the mAb BS-400-3 may not be completely specific for MLGs as it may 
bind to other polysaccharides with (1→4)-β-glucose residues (Simmons 
et al., 2015). In order to rule out the possibility that the antibody cross-
reacts with other polymers than MLG in this context, and to validate the 
presence of MLGs in C-Fern, we carried out enzymatic treatments prior to 
BS-400-3 labelling. Pretreatment with lichenase completely abolished BS-
400-3 binding, indicating that the BS-400-3 positive polymer is lichenase-
sensitive. To provide further evidence, we also profiled lichenase-digested 
AIR of Ceratopteris petioles by HPAEC and detected the MLG-diagnostic 
DP3 and DP4 units. Taken together, these results demonstrated that C-Fern 
most likely contains MLG or a MLG-like polymer. Further structural 
characterisation and quantification of the released oligosaccharides is, 
however, necessary to fully confirm the presence and structure of the BS-
400-3 positive polymer.
 
distribution of the MLG-epitope hints towards a role in cell wall 
strengthening 
In contrast to Poales, where MLGs are known to accumulate during the 
elongation phase before they are hydrolysed and utilised as a carbon source 
upon cessation of growth (Harris and Fincher, 2009; Vega-Sánchez et al., 
2013), our results show that MLG-epitopes are not present in expanding 
tissues of the C-Fern sporophyte as they only appear either late during 
elongation or after elongation has ceased. MLG-epitopes were found to 
occur abundantly in the secondary walls of sclerenchyma sheath cells. 
Detection of MLG-epitopes in secondary walls is not uncommon, as they 
have been found in secondary walls of Equisetum, grasses including Lolium 
multiflorum Lam. and some non-grass commelinid monocot species such as 
Cyperus haspan L. and restio tetraphyllus Labill. (Trethewey et al., 2005; 
Sørensen et al., 2008). Vega-Sánchez et al. (2013) detected MLGs in mature 
stems and leaves of rice and hypothesised that MLGs might be implicated 
in cell wall reinforcement. In C-Fern, MLG-epitopes were also detected in 
the epidermis and outer cortical cell layers. While sclerenchyma generally 
confers the most effective mechanical support, other cell types or tissues 
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may also contribute to the mechanical integrity of plant organs, especially 
when they are located at the periphery, as is the case for the MLG-containing 
epidermal and outer cortical parenchyma walls in C-Fern. While most 
epidermal walls were strongly labelled, MLG-epitopes were absent from the 
stomatal guard cells in C-Fern petioles. As guard cell walls must be highly 
flexible to enable repeated stomatal opening and closing, the absence of 
MLG-epitopes further supports a role for MLGs in cell wall strengthening.
MLG-epitopes are not present in all secondary walls
Our results show that MLGs are not present in all secondary walls of mature 
petioles as they were detected in the sclerenchyma sheath, but not in xylem 
tracheids (Figure 4.6 and 4.7). Immunolabelling experiments with a range 
of mAbs directed against the major cell wall polymers were carried out to 
identify other differences in cell wall composition between both types of 
secondary walls. Xylan-epitopes (LM11), which are characteristic for most 
secondary walls of vascular plants, were detected in both types of secondary 
walls. However, while MLG-epitopes were only detected in an outer part of 
the secondary wall, LM11-epitopes occurred throughout the secondary walls. 
This might indicate that MLGs are not incorporated throughout secondary 
cell wall deposition, or, alternatively, that MLG-epitopes are masked in the 
inner layer of the secondary walls. Our analysis also showed that LM11-
epitopes appeared earlier in the tracheid walls than in the sclerenchyma 
sheath. This is the result of earlier initiation of secondary wall deposition 
in the tracheids, close to the coiled segment of the croziers. In contrast, 
secondary wall deposition in the sclerenchyma sheath is initiated later, in 
regions close to the petiole base (see Figures 4.6 and 4.7). If MLGs are 
indeed involved in cell wall strengthening, it is not surprising that they were 
abundantly detected in sclerenchyma, as this tissue most likely offers the 
majority of support in petioles. Cells of the sclerenchyma sheath facing the 
center of the petiole appeared to differentiate slower. In these cells, MLG-
epitopes were detected while xylan-epitopes were absent. This suggests that, 
in the sclerenchyma sheath, MLGs are most likely deposited before xylan. 
This suggests that they may play a role during the early stages of mechanical 
reinforcement of sclerenchyma, and thus the petiole.   
 Currently it is not yet clear how, if at all, MLGs are associated with 
specific cell wall components. As discussed above, of all glycan epitopes 
we have assessed, none of them showed identical tissue-specific distribution 
patterns to that of the MLG-epitope. In fact, among vascular plants MLG-
epitopes were shown to occur in walls with distinct polysaccharide and/or 
lignin composition. Sørensen et al. (2008) showed that there was practically 
no overlap between MLG and xylan-epitope distribution in Equisetum 
MLG IN C-FERN 85
arvense L., while in C-Fern both components co-occurred. While secondary 
walls of the mechanical tissue of the Equisetum stems were shown to lack 
lignin (Leroux et al., 2011a); the opposite was true for C-Fern sclerenchyma 
(see Figure 4.8). In contrast, in the Poales, MLG-epitopes were detected in 
xylem secondary walls (Trethewey et al., 2005), while they were shown to 
be absent in the xylem of both Equisetum (Sørensen et al., 2008) and C-Fern. 
These few examples demonstrate that MLGs may appear in a variety of cell 
wall architectures or types and at different developmental stages. 
 An unique enzyme to Equisetum plants, hetero-trans-β-glucanase, 
which cross-links the primary and secondary wall layers by forming 
cellulose-XG and MLG-XG bridges, was found (Simmons et al., 2015), 
and most likely it plays a role in the strengthening of the Equisetum stem. 
The specific occurrence of MLG-epitopes in a secondary wall layer adjacent 
to the primary wall, in which we observed xyloglucan epitopes, may 
support this hypothesis. While the architecture of MLG-rich walls varied 
considerably in C-Fern, these walls always contain cellulose. While some 
have suggested that MLGs may coat cellulose microfibrils (Carpita et al., 
2001), others proposed that the gel-like behaviour of MLGs allows them to 
function as a filler that separates the cellulose microfibrils (Kozlova et al., 
2014) or that MLGs may influence cellulose deposition in cell walls (Smith-
Moritz et al., 2015).
MLGs are more widely distributed among vascular plants than previously 
thought
MLGs have been detected in Selaginella moellendorffii Hieron. (Harholt et al., 
2012), Equisetum arvense (Sørensen et al., 2008; Fry et al., 2008), and some 
leptosporangiate ferns (Leroux et al., 2015). However, it will be necessary 
to confirm the presence and fine-structure of MLGs in S. moellendorffii 
and leptosporangiate ferns by thorough biochemical analyses. Nonetheless, 
it is becoming evident that MLGs and/or MLG-like polysaccharides, i.e. 
non-canonical types of MLG that are divergent from grass MLG structure, 
are more widely distributed in the plant kingdom and that studying their 
fine-structure and tissue-specific distribution will be crucial to an increased 
understanding of their functional roles. 
 Comparative genomics, reverse genetics, and heterologous 
expression have been used to identify the cellulose synthase-like F, H 
and J (Csl F/H/J) gene families as the MLG synthases in grasses (Burton 
et al., 2006, 2008; Doblin et al., 2009; Fincher, 2009). It was originally 
proposed that these gene families were commelinid-specific. However, 
orthologs of CslH were found in Pteridium aquilinum (L.) Kuhn, as well as 
in basal angiosperms, and CslJ is present in most dicots (Yin et al., 2014). 
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Interestingly, CslF, CslH, and CslJ were not (yet) found in the genome 
and transcriptome of Selaginella moellendorffii and C-Fern, respectively. 
It should be noted, however, that the transcriptome data of Ceratopteris 
richardii might be biased as CslA and CslC genes were not found. Currently, 
the available data suggest that, if MLGs are present in Selaginella, they are 
most likely not synthesised by CslF, CslH, and CslJ genes (Harholt et al., 
2012; Yin et al., 2014). This would imply that the emergence of this Csl 
family must have originated after the more derived vascular plants diverged 
from lycophytes. It is therefore likely that CslH genes were present in the 
common ancestor of ferns and seed plants (Yin et al., 2014). 
 In situ analyses in barley indicated that the transcripts of the 
HvCslH gene were located in the leaf where they were restricted to cells 
that undergo secondary wall thickening such as the sclerenchyma fibre cells 
and the xylem cells (Doblin et al., 2009). This suggests that the CslH gene 
might be implicated in MLG synthesis during secondary wall deposition 
(Doblin et al., 2009), further supporting a potential strengthening role for 
this polysaccharide. 
CONCLUSIONS
By utilising complementary techniques, strong evidence for the presence of 
MLGs or MLG-like polysaccharides in C-Fern is presented. Based on our 
immunolabelling results, we hypothesise that MLGs may be deposited to 
modulate the physicochemical properties (i.e. strengthening) of cell walls 
of tissues or cell types that most likely confer mechanical support to plant 
organs. Further structural characterisation and quantification (including 
determination of the DP3/DP4 ratio) of the BS-400-3-positive polymer in 
Ceratopteris richardii will provide more insight in its physical and functional 
properties. Integration with an improved understanding of the genetic basis 
of MLG biosynthesis/assembly in C-Fern will be key to unravelling the 
evolution of MLG in vascular plants, both structurally and functionally. 


IN SItU IMMUNOCYTOCHEMISTRY LINKS MIXED-
LINKAGE GLUCAN TO MECHANICAL TISSUES IN 
EQUISEtUM, LEPTOSPORANGIATE FERNS AND 
SELAGINELLA MoELLENdorFFII
5
The unexpected detection of MLG-epitopes in C-Fern motivated us to 
determine if they are also present in other ferns by investigating a selection 
of leptosporangiate ferns. Furthermore, we investigate the presence of 
MLGs in meristematic and elongating tissues of Equisetum. While MLG-
epitopes have previously been detected in Selaginella moellendorffii, 
detailed information on their tissue-specific distribution is missing. For that 
reason, we assess the in situ distribution of MLG-epitopes in Selaginella 
stems.
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INTRODUCTION
As discussed in Chapter 4, for a long time it has been assumed that mixed-
linkage glucans (MLGs) were restricted to the order Poales and some 
closely related families within the commelinid monocots (Stinard and 
Nevins, 1980; Buckeridge et al., 2004; Trethewey et al., 2005). In 2008, 
however, MLGs were discovered in the cell walls of Equisetum arvense L. 
by the use of monoclonal antibodies and biochemical analyses (Fry et al., 
2008; Sørensen et al., 2008). Since then, MLGs have been detected in six 
Equisetum species, i.e. Equisetum arvense, E. fluviatile L., E. ramosissimum 
Desf., E. scirpoides Michx., E. sylvaticum L., and Equisetum x trachyodon 
(A.Braun) W.D.J.Koch (Fry et al., 2008; Sørensen et al., 2008; Leroux et 
al., 2011a). In terms of organ- and tissue-specific occurrence, glycan array 
profiling revealed the presence of MLG-epitopes in E. arvense stems, 
roots, and leaves (Sørensen et al., 2008). Complementary in situ labelling 
experiments showed that these epitopes are present in the epidermal and 
cortical parenchyma cells as well as in the sclerenchyma tissue of both 
young and mature stems (Sørensen et al., 2008). Considering that in Poales 
species, MLGs are continuously synthesized during cell elongation (Harris 
and Fincher, 2009) before being hydrolysed upon cessation of growth 
(Buckeridge et al., 2004; Vega-Sánchez et al., 2013), it is surprising that 
Equisetum meristematic tissues have not yet been investigated for the 
presence of MLGs. 
 The first aim of this study was to investigate whether MLGs are also 
present in the meristematic tissues of Equisetum. Secondly, we examined the 
presence of MLG-epitopes in leptosporangiate ferns (other than Ceratopteris 
richardii Brongn.). Species were selected based on the recent discovery of 
two types of sclerenchyma, i.e. lignified and non-lignified (Leroux O., pers. 
comm.). Besides ferns, MLGs have also been reported in the lycophyte 
model system Selaginella moellendorffii Hieron. (Harholt et al., 2012). 
However, to the best of our knowledge, the tissue specific location of MLG-
epitopes has not yet been investigated. Determination of the tissue/organ-
specific distribution of MLG-epitopes in the abovementioned species will 
provide an essential context to direct future efforts aiming at unravelling the 
function of MLGs in ‘early’ vascular plants.
MATERIALS AND METHODS
Plant material 
Plant material of Equistum arvense, E. hyemale L., and Polypodium 
92 CHAPTER 5
vulgare L. was collected from the living outdour collection and material 
of Asplenium elliottii C.H.Wright (ZA-0-GENT-20162871), Elaphoglossum 
sp., and Selaginella moellendorffii (XX-0-GENT-20141645) was collected 
from the living indoor collection of the Ghent Botanic Garden, Belgium. 
Stems of E. myriochaetum Schltdl. & Cham. (XX-BR-0-19800689) were 
collected in the living indoor collection at Botanic Garden Meise, Belgium.
Embedding of plant material in Lr White
Segments of the stem, root, rhizome, and side branch of E. arvense as well 
as stem segments of E. hyemale, E. myriochaetum and S. moellendorffii 
and petiole segments of A. elliottii, Elaphoglossum sp. and P. vulgare were 
fixed in 4% (v/v) paraformaldehyde in PEM buffer (100 mM PIPES, 10 
mM MgSO4, 10 mM ethylene glycol tetra-acetic acid (EGTA), pH 6.9) 
at room temperature for 2 h. After extensively washing in phosphate-
buffered saline (PBS, prepared from a 10x stock solution: 80 g NaCl, 28.6 g 
Na2HPO4.12H2O, and 2 g KH2PO4 in 1 litre de-ioned H2O, pH 7.2), samples 
were dehydrated in an ethanol gradient (30, 50, 70, 94, and 100% ethanol) 
for one hour in each step. Subsequently, they were gradually infiltrated with 
LR White resin (medium grade, London Resin Company, London, UK). The 
infiltrated segments were imbedded in LR White resin using polypropylene 
embedding moulds and Aclar film (Electron Microscopy Sciences, Hatfield, 
PA, USA) and cured in an oven at 58 °C for 48 h. Sections of 0.5 μm were 
made using a Leica UC7 ultramicrotome (Leica Microsystems, Vienna) 
and mounted on polylysine-coated slides. For anatomical observations, 
sections were stained with 0.05% (w/v) toluidine blue O (Merck, Darmstadt, 
Germany) in 0.1% (w/v) Na2B4O7. Images were captured with a Nikon DS-
Filc camera mounted on a Nikon Eclipse Ni-U microscope. 
Indirect immunofluorescence
Immunolocalisation was carried out on LR White sections. A range of 
monoclonal antibodies was used, including BS-400-3 (MLG; Meikle et 
al., 1994) and BS-400-2 ((1→3)-β-glucan or callose; Meikle et al., 1991), 
which were purchased from BioSupplies (BS) (www.biosupplies.com.au), 
and LM11 (heteroxylan; McCartney et al., 2005), LM21 (heteromannan; 
Marcus et al., 2010), LM25 (XXXG/galactosylated xyloglucan; Pedersen et 
al., 2012), LM19 (low-esterified pectic homogalacturonan; Verhertbruggen 
et al., 2009a), LM20 (high-esterified pectic homogalacturonan; 
Verhertbruggen et al., 2009a),  LM5 ((1→4)-β-galactan; Jones et al., 
1997), and LM6 ((1→5)-α-arabinan; Willats et al., 1998), which were all 
purchased from PlantProbes (www.plantprobes.net). Some sections were 
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pretreated with enzymes. A pectate lyase pretreatment was performed as 
described in Marcus et al. (2010) to remove pectic homogalacturonan, which 
may mask xyloglucan- and mannan-epitopes (Marcus et al., 2008, 2010). 
Prior to incubation with the anti-MLG primary antibody, some sections 
were pretreated with lichenase from Bacillus sp. (E-LICHN, Megazyme, 
Ireland) or endo-β-1→3-glucanase from Hordeum vulgare L. (E-LAMHV, 
Megazyme, Ireland) or endo-β-1→4-glucanase from Aspergillus niger van 
Tieghem (E-CELAN, Megazyme, Ireland). For the lichenase treatment, the 
sections were incubated with 0,33 mg/ml (w/v) of lichenase in 100 mM 
sodium phosphate buffer (pH 6.5) for 2 h at 38 °C. The treatment with endo-
β-1→3-glucanase was performed with 5 mg/ml (w/v) of endo-β-1→3-
glucanase in 100 mM sodium acetate buffer (pH 5.0), and the endo-β-1→4-
glucanase treatment was with 10 mg/ml (w/v) of endo-β-1→4-glucanase 
in 100 mM sodium acetate buffer (pH 4.5). The sections of the last two 
treatments were incubated for 2 h at 40 °C. After the enzymatic treatments, 
sections were blocked in 3% (w/v) non-fat milk protein in PBS (MP/PBS) 
for 30 minutes and then incubated with primary monoclonal antibody 
(mAb) in MP/PBS for   2 h at room temperature. Rat mAbs were used in a 
10-fold dilution and mouse mAb (BS-400-3 and BS-400-2) in a 100-fold 
dilution. After washing with PBS, sections were incubated with a 100-fold 
dilution of anti-rat (F6258, Sigma-Aldrich, Belgium) or anti-mouse (F0257, 
Sigma-Aldrich, Belgium) fluorescein isothiocynate (FITC)-conjugated 
secondary antibody in MP/PBS for 2 h at room temperature. Control of 
background was carried out by omitting primary antibodies. The sections 
were stained with Calcofluor White (Fluorescent brightener 28, Sigma, St 
Louis, MO, USA; 0.25 μg mL-1 in H2O), which stains β-glucans, such as 
cellulose. Slides were mounted in an anti-fade agent (Citifluor AF2, Agar 
Scientific, Stanstead, UK) and were examined using a Nikon Eclips Ni-U 
epifluorescence microscope. Images were captured with a Nikon DS-Filc 
camera.
RESULTS
For the detection of MLGs, sections were labelled with the mAb BS-400-3. 
As some reports have questioned the specificity of this mAb, stating that it 
may bind to other polysaccharides with (1→4)-β-glucose residues, we will 
henceforth refer to the BS-400-3 epitope as the ‘MLG-epitope’. Calcofluor 
White, which has an affinity for β-glucans such as cellulose, and toluidine 
blue staining were used to provide a cellular context. 
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In situ localisation of MLG-epitopes in the stem shoot tip and young strobilus 
of E. arvense
Equisetum shoots are characterised by the presence of nodes and internodes 
and only the latter elongate considerably. Shoots have a single apical 
meristem and several intercalary meristems, which are located at the base of 
each internode. Figure 5.1A and 5.1B show a longitudinal section of a shoot 
tip in which the internodes have not elongated yet. As a result, all the nodes 
as well as the intercalary meristems are closely packed together. Labelling 
of this stem shoot tip resulted in the detection of MLG-epitopes in the cell 
walls of the oldest, most exterior leaf sheaths (Figure 5.1C). MLG-epitopes 
were not detected in the intercalary and side branch apical meristems (Figure 
5.1C). In a transverse section through a stem shoot tip, the BS-400-3 mAb 
labelled the secondary cell walls of the mechanical tissue and the primary 
walls of the parenchyma of the older leaf sheaths but MLG-epitopes were 
not detected in the youngest, most interior, leaf sheath (Figure 5.1G). In 
transverse sections of a developing strobilus, MLG-epitopes were detected 
in the secondary cell walls of the mechanical tissues at the periphery of the 
sporangiophore and in most of the cell walls of the epidermis (Figure 5.1K). 
In situ localisation of MLG-epitopes in the rhizome, side branch, and stem 
of E. arvense 
Sørensen et al. (2008) found that MLG-epitopes were present in the 
sclerenchyma of Equisetum stems. Mechanical tissues are, however, not 
restricted to above-ground stems, but also occur in the rhizome and side 
branches. Since these organs are exposed to different types of mechanical 
stress, e.g., absence of wind below-ground, it is of interest to compare MLG-
epitope distribution and relative abundance in sclerenchyma tissues.
 In the rhizome, the BS-400-3 mAb strongly labelled the secondary 
cell walls of the subepidermal cell layers (Figure 5.2C). The latter walls are 
impregnated with yellow-brown pigments, which colour blue-green after 
staining with toluidine blue (Figure 5.2A). MLG-epitopes were also detected 
in the primary cell walls of the cortex (Figure 5.2C) and the pith parenchyma 
but not in the cell walls of the vascular tissue (Figure 5.2G). Sclerenchyma 
tissues of Equisetum stems are sometimes impregnated with yellow-brown 
pigments (Figure 5.2I). BS-400-3 labelling of these sclerenchymatous cell 
walls was stronger compared to the labelling of the sclerified cell walls of 
the rhizome (compare Figures 5.2K, C). MLG-epitopes were also detected 
in the primary cell walls of the cortex parenchyma (Figure 5.2K) and pith 
parenchyma (data not shown). In stems that are not sclerified, i.e. where 
sclerenchyma tissues are not impregnated with yellow-brown pigments (Fig. 
5.2M), the BS-400-3 antibody strongly labelled the secondary cell walls of 
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Figure 5.1. In situ localisation of MLG-epitopes (BS-400-3) in longitudinal (A-D) and trans-
verse sections (E-H) of the stem shoot tip and in transverse sections of a developing strobilus 
(I-L) of Equisetum arvense. Toluidine blue (A, E, I) and Calcofluor White (B, F, J) visualises 
all cell walls. C. MLG-epitopes detected in the cell walls of the oldest leaf sheaths (LS1 and 
LS2) but absent in the intercalary meristem and apical meristem of the side branch (aster-
isk). G. BS-400-3-epitopes detected in the secondary cell walls of the mechanical tissue and 
primary walls of the parenchyma of the older leaf sheaths (LS1 and LS2). K. MLG-epitopes 
present in secondary walls of the mechanical tissues at the periphery of the sporangiophore 
and some epidermis cells. D, H, L. No primary antibody control. IM, intercalary meristem; 
LS, leaf sheath; *, apical meristem of side branch; sp, sporangium; PL+, pectate lyase pre-
treatment.
the sclerenchyma and epidermis, and, to a lesser extent, the primary cell 
walls of the cortex parenchyma. The chlorenchyma, which has very thin cell 
walls, was not labelled (Figure 5.2O). Labelling of a side branch with the 
anti-MLG mAb resulted in strong binding of the cell walls of sclerenchyma 
cells located in the ribs and weak binding of the parenchymatous tissues 
(data not shown). 
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Effect of enzyme pretreatments on the detection of MLG-epitopes in the 
mechanical tissues of E. arvense stems 
After lichenase treatment, BS-400-3 binding was abolished in all cell walls 
(Figure 5.3C). Pectate lyase (Figure 5.3D) and endo-β-1→3-glucanase 
(Figure 5.3E) pretreatments did not affect the binding pattern of the BS-400-
3 mAb. Endo-β-1→4-glucanase pretreatment, on the other hand, reduced 
the binding intensity, but only in the cortex parenchyma Figure 5.3F). 
Immunolocalisation of glycan epitopes in E. arvense stems
We investigated whether other cell wall components specifically co-occurred 
with MLG-epitopes in the mechanical tissues (Figure 5.4). Xylan-epitopes 
(LM11) were not detected in the secondary cell walls of the sclerenchyma 
Figure 5.2. In situ localisation of the BS-400-3-epitope (MLG-epitope) in transverse sections 
of the rhizome (A-H), a with yellow-brown pigments impregnated stem (I-L) and a stem 
(M-P) of Equisetum arvense. Toluidine blue (A, E, I, M) and Calcofluor White (B, F, J, N) 
visualise all cell walls. C. Strong labelling of the subepidermal layers. Cells of the first layer 
are asymmetrically thickened. Weak labelling of MLG-epitopes in the walls of the cortex 
parenchyma. G. MLG-epitopes detected in the pith parenchyma but not in the vascular tissue. 
K. MLG-epitopes detected in the epidermis, sclerenchyma and cortex parenchyma. O. MLG-
epitopes were strongly labelled in the secondary walls of the sclerenchyma and in those of 
the sclerified epidermis as well as to a lesser extent in the primary walls of the cortex paren-
chyma. Chlorenchyma not labelled. D, H, L, P. No primary antibody control. ep, epidermis, 
sc, sclerenchyma; ch, chlorenchyma; cp, cortex parenchyma.
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Figure 5.3. In situ localisation of MLG-epitopes (BS-400-3) in the sclerenchyma of Equisetum 
arvense stems after enzyme treatment. A. Calcofluor White staining all cell walls. B. MLG-
epitopes were strongly labelled in the secondary walls of the sclerenchyma as well as in 
those of the epidermis and to a lesser extent in the primary walls of the cortex parenchyma. 
Chlorenchyma not labelled. C. MLG binding was abolished after lichenase pretreatment. 
D. After pectate lyase treatment, MLG binding remained unaffected. E. Endo-β-1→3-
glucanase pretreatment did not affect MLG-epitope detection. F. Endo-β-1→4-glucanase 
treatment resulted in weaker binding of the cortex parenchyma. ch, chlorenchyma; cp, cortex 
parenchyma; ep, epidermis; sc, sclerenchyma; PL+, pectate lyase pretreatment.
(Figure 5.4D). The mAb LM21, which recognises heteromannan, strongly 
labelled the cell walls of the epidermis and weakly the primary cell walls of 
the sclerenchyma and the cortex parenchyma (Figure 5.4E). LM25, which 
recognises XXXG/galactosylated xyloglucan, bound weakly to the primary 
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cell walls of the sclerenchyma and the cortex parenchyma (Figure 5.4F). 
Pectic homogalacturonan was detected using the mAbs LM19 and LM20, 
which respectively recognise low-esterified and high-esterified pectic 
homogalacturonan. LM19 labelled all primary cell walls, even after sodium 
carbonate treatment (Figure 5.4G). LM20-epitopes, on the other hand, were 
only detected in the primary cell walls of the parenchymateous tissue (Figure 
5.4H). LM5 (anti-galactan; Figure 5.4I) and LM6 (anti-arabinan; Figure 
5.4J) both labelled the primary and secondary cell walls of the sclerenchyma 
and the primary cell walls of the cortex parenchyma. Callose (BS-400-2) 
was not detected in the sclerenchyma and cortex parenchyma (Figure 5.4K). 
For each antibody treatment, sections were also pretreated with lichenase, 
but this did not unmask epitopes (data not shown). 
In situ localisation of MLG-epitopes in E. hyemale and E. myriochaetum 
stems
In order to ascertain whether the presence and distribution of MLG-epitopes 
as found in E. arvense stems is either a common or a unique phenomenon 
in the genus, the species E. hyemale and E. myriochaetum (both species 
of the subgenus Hippochaete) were investigated. In E. hyemale, MLG-
epitopes were detected in the secondary cell walls of the epidermis and the 
sclerenchyma, as well as in the primary cell walls of the pith parenchyma cell 
layers just below the inner endodermis (Figure 5.5B). The BS-400-3 mAb 
labelled the secondary cell walls of the epidermis and the sclerenchyma in E. 
myriochaetum. In the layers of sclerenchyma cells nearest to the epidermis 
only the innermost layer of the secondary cell wall was labelled. MLG-
epitopes were also detected in the primary cell walls of the cortex and pith 
parenchyma (Figure 5.5E). In both species, MLGs were not detected in the 
vascular tissues. 
In situ localisation of MLG-epitopes in leptosporangiate ferns and 
Selaginella moellendorffii
Recently, two types of fern sclerenchyma were described: lignified (Type 
1-sclerenchyma) and non-lignified (Type 2-sclerenchyma). Here we 
investigated whether MLG-epitopes were present in Asplenium elliottii 
(Type 2-sclerenchyma) (Figure 5.6A-F) as well as in Elaphoglossum sp. 
(Figure 5.6H-N) and Polypodium vulgare (Figure 5.6O-U) (both Type 
1-sclerenchyma). In all species, the BS-400-3 mAb labelled the secondary 
cell walls of the sclerenchyma and the primary cell walls of the epidermis 
and the parenchyma (Figure 5.6C, J, Q). After lichenase treatment, MLG 
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Figure 5.4. In situ localisation of cell wall glycan epitopes in equivalent transverse sections 
of the sclerenchyma of an Equisetum arvense stem. A. Toluidine blue stains all cell walls. B. 
Calcofluor White fluorescence shows the full extent of cell walls. C. MLG-epitopes present 
in the secondary walls of the sclerenchyma and in the primary walls of the parenchymateous 
tissues but absent in chlorenchyma tissue. D. Xylan (LM11) not immunodetected. E. LM21 
anti-heteromannan mAb labelled the epidermis and the primary walls of the sclerenchyma 
and cortex parenchyma. F. LM25, which recognises XXXG/galactosylated xyloglucan, 
weakly bound to the primary walls of the sclerenchyma and the cortex parenchyma. G. 
LM19-epitopes (pectic homogalacturonan) were detected in all primary cell walls after 
sodium carbonate treatment. H. LM20 anti-pectic homogalacturonan mAb bound to the 
primary walls of the cortex parenchyma. I. LM5 galactan-epitopes present in primary and 
secondary walls of the sclerenchyma and in primary walls of the cortex parenchyma. J. LM6 
mAb (anti-arabinan) labelled primary and secondary walls of the sclerenchyma and the 
primary walls of the cortex parenchyma. K. Callose (BS-400-2)-epitopes not detected. L. 
No primary antibody control. ch, chlorenchyma; cp, cortex parenchyma; ep, epidermis; sc, 
sclerenchyma; PL+, pectate lyase pretreatment; SODIUM+, sodium carbonate pretreatment.
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Figure 5.5. In situ localisation of the BS-400-3-epitope (MLG-epitope) in transverse sections 
of the stems of Equisetum hyemale (A-C) and E. myriochaetum (D-F). A, D. Calcofluor 
visualises all cell walls. B. MLG-epitopes detected in secondary walls of the sclerenchyma 
and epidermis and in primary walls of the pith parenchyma layers just below the inner 
endodermis. E. MLG-epitopes present in secondary walls of sclerenchyma and epidermis 
and in primary walls of parenchyma. C, F. No primary antibody control. ep, epidermis; cp, 
cortex parenchyma; sc, sclerenchyma; ie, inner endodermis; pp, pith parenchyma; PL+, 
pectate lyase pretreatment.
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labelling was strongly reduced (Figure 5.6D, K, R). Endo-β-1→3-glucanase 
pretreatment resulted in a weaker MLG labelling (Figure 5.6E, L, S). The 
endo-β-1→4-glucanase treatment resulted in the abolishment of the MLG-
epitopes in all species (Figure 5.6F, M, T). 
 In Selaginella moellendorffii, cell walls of the parenchyma become 
gradually thicker closer to the epidermis. MLG-epitopes were detected in 
the thickened cell walls of the outer cortex and epidermis (Figure 5.6X). The 
cortex parenchyma and the vascular tissues were not labelled (Figure 5.6X). 
Lichenase treatment resulted in a considerably weaker labelling of the cell 
walls of the outer cortex and the epidermis  (Figure 5.6Y). Endo-β-1→3-
glucanase treatment did not alter binding of the BS-400-3 mAb (Figure 
5.6Z) and MLG-epitopes were not detected after endo-β-1→4-glucanase 
treatment (Figure 5.6AA). 
DISCUSSION
detection of MLGs in the stem shoot tip of Equisetum
Our results show that in Equisetum, MLG-epitopes are absent in meristematic 
and elongating tissues. This is in contrast to Poales, where low amounts 
of MLGs were found in the cell walls of meristematic tissues (Harris and 
Fincher, 2009). In Poales species, MLGs are continuously synthesised and 
accumulated during the elongation phase before being hydrolysed upon 
cessation of growth (Buckeridge et al., 2004; Harris and Fincher, 2009; 
Vega-Sánchez et al., 2013). Absence of MLG-epitopes in meristematic and 
elongating tissues suggests that MLGs may have a different function in 
Equisetum. Considering the results of Chapter 4, where MLG-epitopes were 
also found to be absent in elongating tissue, it becomes clear that MLGs are 
most likely not involved in the elongation process in ferns. 
detection of MLGs in the sclerenchyma of Equisetum species 
In Equisetum, MLG-epitopes were most abundant in the secondary cell 
walls of the sclerenchyma. Sclerenchyma tissues of Equisetum rhizomes 
and stems are sometimes impregnated with yellow-brown pigments. The 
presence of these pigments alters the cell wall composition and biomechanical 
properties. In this study, we showed that MLGs were present in both the 
pigmented and the non-pigmented types of sclerenchyma. In the pigmented 
sclerenchyma of the stem, MLG-epitopes were detected more abundantly 
compared to pigmented rhizome sclerenchyma. A possible explanation may 
be that aboveground organs, such as stems, experience mechanical stress 
(e.g. by wind) and undergo higher degrees of vertical deflection than below-
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Figure 5.6. In situ localisation of MLG-epitopes (BS-400-3) after enzyme treatment in 
transverse sections of the petioles of Asplenium elliottii (A-G), Elaphoglossum sp. (H-N), 
Polypodium vulgare (O-U) and in the stem of Selaginella moellendorffii (V-BB). Toluidine 
blue (A, H, O, V) and Calcofluor White (B, I, P, W) staining all cell walls. C. MLG-epitopes 
detected in the primary walls of the epidermis and parenchyma as well as in the secondary 
walls of the sclerenchyma. D. After lichenase pretreatment, binding of MLG-epitopes was 
abolished with exception of the sclerenchyma tissue. E. Endo-β-1→3-glucanase pretreatment 
reduced binding intensity of the mAb BS-400-3. F. Endo-β-1→4-glucanase treatment 
resulted in weaker labelling of the primary cell walls of the parenchyma. J. MLGs present 
in the sclerenchyma and in the primary walls of the epidermis and parenchyma. K. Only 
the walls of the sclerenchyma were labelled after lichenase pretreatment. L. After endo-
β-1→3-glucanase pretreatment, labelling of the sclerenchyma was weaker than in Figure 
5.6J. M. Labelling of MLG-epitopes abolished after endo-β-1→4-glucanase pretreatment. 
Q. Detection of MLGs in walls of the epidermis, sclerenchyma and parenchyma. R. After 
lichenase pretreatment, MLG mAb only weakly bound to the sclerenchyma. S. After endo-
β-1→3-glucanase pretreatment, binding pattern the same as in Figure 5.6Q but weaker. T. 
MLG-epitopes were abolished after endo-β-1→4-glucanase pretreatment. X. MLG-epitopes 
present in the thickened walls of the epidermis and the sclerified parenchyma. Y. Epidermal 
cell walls weakly labelled after lichenase pretreatment. Z. After endo-β-1→3-glucanase 
pretreatment, labelling pattern remained the same as in Figure 5.6X. AA. After endo-β-1→4-
glucanase pretreatment there was no MLG mAb labelling. G, N, U, BB. No primary antibody 
control. ep, epidermis; sc, sclerenchyma; cp, cortex parenchyma.
ground organs, such as rhizomes. Partial masking of the MLG-epitopes 
might be another reason for the weaker labelling in the rhizome. Taken 
together, in Equisetum MLGs are present in tissues that may contribute to 
the mechanical strengthening of Equisetum organs, either below- or above-
ground.
 In all of the investigated Equisetum species similar MLG labelling 
patterns were observed. Xue and Fry (2012) stated that MLGs were 
more abundant in E. subg. Equisetum (e.g., E. arvense) than in E. subg. 
Hippochaete (e.g., E. hyemale and E. myriochaetum). Our results, however, 
did not show differences in labelling intensity between representatives of 
both subgenera. Since the study of Xue and Fry (2012) was only based on 
biochemical analyses, it is impossible to ascertain whether the mechanical 
tissues of these species were in the same developmental stage. When the 
sclerenchyma is immature, the secondary cell walls may be less developed 
and as a result a lower amount of MLGs would have been detected. Another 
possible explanation is that the process of sclerification may start earlier in 
species of E. subg. Hippochaete or that the MLG-epitopes were masked in 
species belonging to the latter subgenus. 
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MLGs present in sclerenchyma tissues of early-diverged vascular plant 
lineages
In leptosporangiate ferns, MLG-epitopes were detected in both the lignified 
and non-lignified sclerenchyma type. These results can, however, not be 
extrapolated to all ferns, since a comprehensive glycan microarray analysis 
did not detect MLG-epitopes in the ferns Adiantum capillus-veneris L., 
Asplenium hemionitis L., Osmunda vachellii Hook., todea barbara (L.) 
T.Moore and trichomanes speciosum Willd., which all contain high relative 
proportions of sclerenchyma (Leroux et al., 2015). The latter species were 
shown to contain heavily pigmented sclerenchyma tissues – i.e. sclerenchyma 
tissues impregnated with yellow-brown pigments, similar to what was found 
in Equisetum. It is likely that the high degree of pigmentation masked MLG-
epitopes. The fact that Calcofluor White did not bind to the pigmented cell 
walls suggests that cell wall glycans are most likely not accessible, pointing 
towards a masking-effect. The heavy impregnation of cell walls with 
pigments may also have hindered the extraction of MLG-epitopes, which 
may impact the accuracy of the obtained results as only extracted components 
can be detected in glycan microarrays. Taken together, to determine if the 
MLG-epitope (or any other glycan epitope) was not overlooked, extraction 
protocols for cell walls rich in pigments should be fine-tuned to avoid false 
negative results.  
 MLG-epitopes were detected in the thickened cell walls of 
the epidermis and the adjoining sclerified cortex cells in the stem of S. 
moellendorffii. In Lycopodium L. and Huperzia Bernh., MLG-epitopes 
were previously not detected (Leroux et al., 2015), suggesting that MLG-
epitopes may be restricted to the heterosporous lycophytes. Altogether, our 
results show that MLG-epitopes are abundant in the sclerenchyma tissue of 
representatives of early-diverged vascular plants. 
MLG detection in chemically diverse secondary cell walls
MLG-epitopes were found in secondary cell walls with different chemical 
cell wall compositions. MLG-epitopes were not detected in the secondary 
walls of the xylem in any of the plants studied. In Equisetum, MLG-epitopes 
were found in the secondary cell walls of the sclerenchyma, in which xylan 
was absent. Contrastingly, in C-Fern (Chapter 4) MLG-epitopes were 
detected in xylan- and lignin-rich cell walls. In leptosporangiate ferns 
MLG-epitopes were found in both lignified and non-lignified sclerenchyma. 
These few examples show that MLGs might fulfil an important role. MLGs 
might have been crucial during the evolution of vascular plants, while the 
development of mechanical tissues was an important characteristic for this 
evolution. 
MLG IN FERNS AND LYCOPHYTES 105
CONCLUSIONS
In this study, we showed the absence of MLG-epitopes in meristematic 
and elongation tissues, which suggests that they might not fulfil the same 
functional role as in Poales. Instead, we hypothesise a mechanical function 
as MLG-epitopes were abundantly detected in secondary cell walls of 
non-vascular mechanical tissues in Equisetum, leptosporangiate ferns 
and S. moellendorffii. Further studies are necessary to determine the fine-
structure of MLGs in ferns and lycophytes. As the fine-structure of MLG 
underpins its physico-chemical properties and hence its function in cell 
walls, future studies should focus on investigating the blueprint of MLGs 
in representatives of early-diverged plant lineages. Once the presence of 
MLGs is confirmed, the genes, which encode for the biosynthesis need to 
be determined.

IMMUNOCYTOCHEMICAL DETECTION OF MIXED-
LINKAGE GLUCAN-EPITOPES IN NON-LIGNIFIED FIBRES 
IN GNETALES
6
Since MLG-epitopes are more common in land plants than previously 
thought, the question arises whether the presence of MLG-epitopes has not 
been overlooked in seed plants. A high relative abundance of MLG-epitopes 
was revealed in the leaves of Welwitschia mirabilis by the Willats group 
(Newcastle University, UK). Therefore, this chapter aims to determine 
the tissue-specific distribution of MLG-epitopes in the Gnetales genera 
Welwitschia, Ephedra, and Gnetum.
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INTRODUCTION
The order Gnetales consists of the three extant genera Ephedra L. 
(Ephedraceae), Gnetum L. (Gnetaceae), and Welwitschia Hook.f. 
(Welwitschiaceae) (Pearson, 1929; Martens, 1971; Gifford and Foster, 
1989; Price, 1996). The three genera display an extraordinary morphological 
diversity. The genus Ephedra consists of approximately 54 species, which 
are widely distributed in Old and New World deserts, semi-deserts, desert 
steppes, and in seasonally dry habitats (Stapf, 1889; Freitag, 2010; Ickert-
Bond and Renner, 2016). Most of them are perennial and dioecious shrubs and 
only a few species are climbers or small trees (Kubitzki, 1990; Price, 1996; 
Freitag, 2010; Ickert-Bond and Renner, 2016). There are approximately 40 
Gnetum species (Ickert-Bond and Renner, 2016). The genus is pantropical 
and is most common in mesic habitats (Markgraf, 1930; Kubitzki, 1990; 
Price, 1996; Ickert-Bond and Renner, 2016). Most species are large, woody 
climbers and only G. gnemon L. and G. costatum K.Schum. are arborescent 
(Markgraf, 1930; Price, 1996). The leaves of Gnetum resemble the simple 
leaves of dicots (Rodin, 1967; Gifford and Foster, 1989; Yang et al., 2015; 
Ickert-Bond and Renner, 2016). The genus Welwitschia consists of a single 
species, i.e. Welwitschia mirabilis Hook.f., which is endemic in the Namib 
Desert of Namibia and Angola (Markgraf, 1926; Pearson, 1929; Martens, 
1971). Welwitschia is a dioecious plant with two large strap-like leaves, 
which grow indefinitely (Sykes, 1911; Pearson, 1929; Martens, 1971; 
Bornman, 1978; Gifford and Foster, 1989). 
 While being morphologically diverse, all three genera within 
Gnetales are characterised by the presence of non-lignified fibres, which 
are rich in cellulose (Rodin, 1958, 1967; Martens, 1971; Tomlinson, 2003; 
Tomlinson and Fisher, 2005; Zwieniecki and Boyce, 2014; Montes et al., 
2015). 
During a comprehensive glycan microarray analysis aimed at investigating 
the taxonomic distribution of glycan epitopes across land plants, mixed-
linkage glucan-epitopes (MLG-epitopes) were detected in Welwitschia 
mirabilis leaves (Willats W., pers. comm.). The present study aims to 
determine the tissue-specific distribution of MLG-epitopes in Welwitschia 
and the closely related genera Ephedra and Gnetum. Since MLGs have 
been detected in mechanical tissues in representatives of early-diverged 
vascular plant lineages including Equisetum L., leptosporangiate ferns, and 
Selaginella moellendorffii Hieron. (Chapter 4 and 5), special attention was 




Segments of the stem of Ephedra distachya subsp. helvetica (C.A.Mey.) 
Asch. & Graebn. (CH-0-GENT-19710586) and of the leaf of Gnetum 
gnemon (XX-0-GENT-19680592) were respectively collected in the living 
outdoor and indoor collections of the Ghent Botanic Garden, Belgium. 
Samples of a Welwitschia mirabilis subsp. mirabilis (XX-0-BONN-37323) 
leaf were obtained from the living indoor collection at the Botanic Garden 
Meise, Belgium.  
Brightfield microscopy and histochemical staining
Stem and leaf segments of the three Gnetales species were collected and 
stored in 70% (v/v) ethanol. Prior to sectioning, samples were thoroughly 
rinsed in demineralised water and glued to the vibratome stage using 
superglue (Roticoll, Carl Roth). Sections of 30–40 μm thick were cut 
with a vibrating microtome (HM 650V, ThermoScientific, Germany). The 
sections were stained for 10 minutes with 0.5% (w/v) astra blue, 0.5% (w/v) 
chrysoidine and 0.5% (w/v) acridine red (ACA-staining) and mounted 
in Euparal after dehydration in isopropyl alcohol. Slides were imaged 
with a Nikon Ni-U microscope equipped with a Nikon DS-Fi1c camera. 
Red channel autofluorescence (TRITC filter; exitation: 543/22, emission: 
593/40) was used to distinguish the ACA-stained fibres. 
 In order to detect lignin, sections were stained with phloroglucinol 
(Wiesner staining) and potassium permanganate (Mäule staining). For 
Wiesner staining, sections were incubated in 2% (w/v) phloroglucinol in 
95% (v/v) ethanol for 5 minutes, rinsed in 37% (v/v) HCl and mounted in 
water. For Mäule staining, samples were incubated in 1% (w/v) KMnO4 
for 5 minutes, quickly rinsed in water, and incubated in 37% (v/v) HCl 
for 2 minutes before adding a drop of 30% (v/v) NH3. Observations were 
made using a Nikon Eclipse E600 microscope and images were captured 
with a Nikon DS-Ri1 camera. Vibratome sections were also screened for 
the presence of lignin/suberin by using UV-light (DAPI-filter; excitation: 
387/11, emission: 447/60).
Embedding of plant material in Lr White
Samples were fixed in 4% (v/v) paraformaldehyde in PEM buffer (100 mM 
PIPES, 10 mM MgSO4, 10 mM ethylene glycol tetra-acetic acid (EGTA), 
pH 6.9) at room temperature for 2 h. Next, the samples were thoroughly 
washed in phosphate-buffered saline (PBS, prepared from a 10x stock 
solution: 80 g NaCl, 28.6 g Na2HPO4.12H2O, and 2 g KH2PO4 in 1 litre 
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deionized H2O, pH 7.2) and afterwards dehydrated in an ethanol series 
(30, 50, 70, 94, and 100% ethanol) for 1 h in each step. Subsequently, the 
samples were gradually infiltrated with LR White resin (medium grade, 
London Resin Company, London, UK). Infiltrated specimens were sealed 
in polypropylene and flat embedding moulds using Aclar film (Electron 
Microscopy Sciences, Hatfield, PA, USA) and hardened in an oven at 58 °C 
for 48 h. Sections of 0.5 μm were made using a Leica UC7 ultramicrotome 
(Leica Microsystems, Vienna) and mounted on polylysine-coated slides. For 
anatomical observations, sections were stained with 0.05% (w/v) toluidine 
blue O (Merck, Darmstadt, Germany) in 0.1% (w/v) Na2B4O7. Images were 
captured with a Nikon DS-Filc camera mounted on a Nikon Eclipse Ni-U 
microscope. 
Indirect immunofluorescence
For immunofluorescence, sections obtained from the same LR White 
blocks were treated with a range of glycan-directed monoclonal antibodies 
(mAb), including BS-400-3 (MLG; Meikle et al., 1994) and BS-400-
2 ((1→3)-β-glucan or callose; Meikle et al., 1991), which were both 
purchased from Biosupplies, and LM11 (heteroxylan; McCartney et al., 
2005), LM19 (low-esterified pectic homogalacturonan; Verhertbruggen 
et al., 2009a), LM21 (heteromannan; Marcus et al., 2010), and LM25 
(XXXG/galactosylated xyloglucan; Pedersen et al., 2012), which were all 
purchased from PlantProbes. Prior to the incubation with the anti-MLG 
primary antibody, some sections were pretreated with enzymes. A pectate 
lyase pretreatment was performed as described in Marcus et al. (2010) to 
remove the pectic homogalacturonan, which may mask xyloglucan- and 
mannan-epitopes (Marcus et al., 2008, 2010). For the lichenase treatment, 
sections were incubated with 0,33 mg/ml (w/v) of lichenase from Bacillus 
sp. (E-LICHN, Megazyme, Ireland) in 100 mM sodium phosphate buffer 
(pH 6.5) at 38 °C for 2 h. The treatment with endo-β-1→3-glucanase was 
performed with 5 mg/ml (w/v) of endo-β-1→3-glucanase from Hordeum 
vulgare L. (E-LAMHV, Megazyme, Ireland) in 100 mM sodium acetate 
buffer (pH 5.0), and the endo-β-1→4-glucanase treatment was with 10 mg/
ml (w/v) of endo-β-1→4-glucanase from Aspergillus niger van Tieghem 
(E-CELAN, Megazyme, Ireland) in 100 mM sodium acetate buffer (pH 
4.5). During these treatments, the sections were incubated at 40 °C for 2 h. 
After the enzymatic treatments, the sections were blocked in 3% (w/v) non-
fat milk protein in PBS (MP/PBS) for 30 minutes and then incubated with 
the primary monoclonal antibodies in MP/PBS at room temperature for 2 
h. Rat mAbs were diluted 10-fold and mouse mAb 100-fold. After rinsing 
with PBS, the sections were incubated with a 100-fold dilution of anti-rat 
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(F6258, Sigma-Aldrich, Belgium) or anti-mouse (F0257, Sigma-Aldrich, 
Belgium) fluorescein isothiocynate (FITC)-conjugated secondary antibody 
in MP/PBS at room temperature for 2 h. Control of background fluorescence 
was carried out by omitting primary antibodies. Afterwards, the sections 
were stained with Calcofluor White (Fluorescent brightener 28, Sigma, St 
Louis, MO, USA; 0.25 µg mL-1 in H2O), which stains β-glucans, such as 
cellulose. The slides were mounted in an anti-fade agent (Citifluor AF2, 
Agar Scientific, Stanstead, UK) and observed using a Nikon Eclips Ni-U 
epifluorescence microscope. Images were captured using a Nikon DS-Filc 
camera. 
RESULTS
Non-lignified fibres occur either individually or in clusters
Vibratome sections showed the distribution of fibres in Ephedra, Gnetum, 
and Welwitschia. The stem of Ephedra is woody and contains secondary 
xylem tissues (Figure 6.1A). Fibres occur either individually or in clusters, 
both in the cortex parenchyma and close to the phloem tissue (Figure 6.1A-
C). ACA-stained fibres exhibit bright fluorescence in the red channel, which 
makes it easier to visualise their organisation and distribution (Figure 6.1C-
D). The midrib of a Gnetum leaf consists of several vascular bundles and 
fibres occurred in the parenchyma either in the proximity of the vascular 
bundles or close to the lower and upper epidermis (Figure 6.1E-H). The 
equifacial leaf of Welwitschia contains alternating small and large vascular 
bundles (Figure 6.1I). Fibres are located in the mesophyll in clusters either 
near to the vascular bundles or close to the epidermal layers (Figure 6.1J-L). 
 Negative phloroglucinol and potassium permanganate staining 
reactions suggest the absence of lignin in the non-xylary fibres of Ephedra 
(Figure 6.2A-B), Gnetum (Figure 6.2C-D), and Welwitschia (Figure 6.2E-
F), except for those surrounding the vascular bundles in Gnetum (Figure 
6.2C-D). The non-lignified fibres autofluorescence when observed with UV-
light (data not shown). 
In situ localisation of MLG-epitopes 
The stem of Ephedra and the leaves of Gnetum and Welwitschia were labelled 
with the mAb BS-400-3. Toluidine blue (Figure 6.3A, H, O) and Calcofluor 
White (Figure 6.3B, I, P), which stains β-glucans such as cellulose, were 
used to visualise all cell walls. In the stem of Ephedra, the anti-MLG mAb 
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Figure 6.1. General anatomy and distribution of non-lignified fibres in the stem of Ephedra 
(A-D), and in the leaves of Gnetum (E-H) and Welwitschia (I-L). A. Overview of stem 
anatomy. Fibres occur individually or in clusters in the cortex parenchyma and near the 
phloem. B-D. Detail of the fibres in the cortex parenchyma viewed under brightfield (B) 
or fluorescent light (C-D). E. Overview of leaf anatomy near the midrib. Fibres occur in 
the parenchyma either surrounding the vascular bundles or close to the lower and upper 
epidermis. F-H. Detail of the individual fibres in the parenchyma viewed under brightfield 
(F) or fluorescent light (G-H). I. Overview of leaf anatomy. Fibres surrounding the vascular 
bundles and in clusters near the epidermal layers. J-L. Detail of the fibres in the mesophyll 
viewed under brightfield (J) or fluorescent light (K-L). cp, cortex parenchyma; ep, epidermis; 
me, mesophyll; nlf, non-lignified fibre; ph, phloem; x, xylem elements.
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Figure 6.2. Histochemical detection of lignin in transverse sections of the stem of Ephedra 
(A-B), and of the leaves of Gnetum (C-D) and Welwitschia (E-F). A. Lignin was not detected 
with the phloroglucinol staining. B. Potassium permanganate stained the walls of the xylem 
elements and the guard cells red. C. Phloroglucinol stained the cell walls of the xylem 
elements and fibres surrounding the vascular bundles pink. D. After potassium permanganate 
staining, the walls of the xylem elements and of the fibres surrounding the vascular bundles 
were red. E. After phloroglucinol staining, the cell walls of the xylem elements were pink, 
fibres were not stained. F. Cell walls of the xylem elements and the guard cells were pink 
after potassium permanganate staining. lf, lignified fibre; nfl, non-lignified fibre.
strongly labelled the secondary walls of the non-lignified fibres as well 
as some in the xylem. The BS-400-3 mAb bound stronger to the smallest 
xylem elements; either tracheids or fibre-tracheids (Figure 6.3C). The 
primary cell walls of the pith parenchyma were weakly labelled (Figure 
6.3C). After lichenase treatment, the binding pattern remained unchanged, 
except for the primary cell walls of the pith parenchyma, where labelling 
was stronger (Figure 6.3D). Binding of the anti-MLG mAb was abolished 
after either endo-β-1→3-glucanase (Figure 6.3E) or endo-β-1→4-glucanase 
pretreatments (Figure 6.3F). 
 Labelling of Gnetum leaves resulted in a strong binding of the 
secondary cell walls of the non-lignified and lignified fibres, as well as those 
of the xylem elements. The BS-400-3 mAb bound stronger to the smallest 
xylem elements; either tracheids or fibre-tracheids (Figure 6.3J). Lichenase 
treatment did not alter BS-400-3-labelling (Figure 6.3K). Endo-β-1→3-
glucanase and endo-β-1→4-glucanase treatments (Figures 6.3L, M), on the 
other hand, resulted in the abolishment of BS-400-3 mAb binding. 
 In the leaf of Welwitschia, the BS-400-3 mAb strongly bound to 
the secondary cell walls of the non-lignified fibres and weakly to those of 
the xylem elements (Figure 6.3Q). While lichenase treatment did not affect 
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binding of the anti-MLG mAb (Figure 6.3R), endo-β-1→3-glucanase 
treatment resulted in the abolishment of MLG mAb binding (Figure 6.3S). 
In sections treated with endo-β-1→4-glucanase, the labelling was abolished 
except for the secondary walls of the non-lignified fibres which were weakly 
labelled (Figure 6.3T). 
 Treatments with the enzyme buffers did not alter MLG labelling 
(data not shown). Some sections were also incubated with endo-β-1→3-
glucanase prior to labelling with the anti-callose mAb BS-400-2. In all 
cases, callose binding was abolished after this enzymatic treatment (data not 
shown). 
Antibody-based cell wall analysis of Gnetales
Here we investigated whether other cell wall components co-occurred with 
MLG-epitopes, which were abundant in the secondary cell walls of the non-
lignified fibres in Gnetales (Figure 6.4, 6.5, 6.6). 
 In the stem of Ephedra, the mAb LM11, which recognises 
heteroxylans, did not bind to the non-lignified fibres but strongly labelled 
the secondary walls of the xylem elements (Figure 6.4C). LM21 (anti-
heteromannan) bound strongly to the primary and secondary cell walls of 
the xylem elements and weakly to the primary cell walls of the non-lignified 
fibres, the pith parenchyma, and the guard cells (Figure 6.4D). LM25, which 
recognises XXXG/galactosylated xyloglucan, bound weakly to the primary 
cell walls of the xylem elements and the pith parenchyma but did not bind to 
the non-lignified fibres (Figure 6.4E). After sodium carbonate treatment, the 
mAb LM19, which detects low-esterified pectic homogalacturonan, labelled 
all primary cell walls, including those of the fibres (Figure 6.4F). Callose-
epitopes (BS-400-2) were weakly detected in the secondary cell walls of the 
non-lignified fibres (Figure 6.4G). 
 In Gnetum, xylan epitopes (LM11) were detected in the secondary 
cell walls of the xylem elements and in the lignified fibres surrounding 
the vascular bundle but not in the non-lignified fibres (Figure 6.5C). The 
mAb LM21, which recognises heteromannans, labelled the primary cell 
walls of the non-lignified fibres and the primary and secondary cell walls 
of the xylem elements and of the lignified fibres that surround the vascular 
bundle (Figure 6.5D). LM25 (anti-XXXG/galactosylated xyloglucan) 
weakly bound to the primary cell walls (Figure 6.5E). LM19 (anti-pectic 
homogalacturonan) bound to all primary cell walls, including those of the 
non-lignified fibres, after sodium carbonate treatment (Figure 6.5F). Callose 
was weakly detected in the primary cell walls of some non-lignified fibres, 
which were randomly distributed in the mesophyll, and in the cells walls of 
the phloem (Figure 6.5G). 
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Figure 6.3. In situ localisation of MLG-epitopes (BS-400-3) after enzyme treatments in 
equivalent transverse sections of the stem of Ephedra (A-G), and in the leaves of Gnetum (H-
N) and Welwitschia (O-U). Toluidine blue (A, H, O) and Calcofluor White (B, I, P) staining all 
cell walls. C. MLG-epitopes were detected in the secondary walls of non-lignified fibres and 
the smaller xylem elements (i.e. tracheids or fibre-tracheids) as well as in the primary walls 
of the pith parenchyma and guard cells. Detail of non-lignified fibres (inset). D. Lichenase 
pretreatment did not alter the anti-MLG mAb binding pattern, except for a stronger binding 
of primary cell walls of the pith parenchyma. E. After endo-β-1→3-glucanase pretreatment, 
no MLG-epitopes were detected. F. Labelling of MLG-epitopes was abolished after endo-
β-1→4-glucanase treatment. J. Strong binding of MLG-epitopes in secondary walls of the 
non-lignified and lignified fibres and of the smaller xylem elements (i.e. tracheids or fibre-
tracheids). Detail of non-lignified fibres (inset). K. Lichenase treatment did not alter the 
labelling pattern of BS-400-3 mAb. L. After endo-β-1→3-glucanase pretreatment, labelling 
of MLG-epitopes was abolished. M. No MLG-epitopes were detected after endo-β-1→4-
glucanase treatment. Q. Strong labelling of MLG-epitopes in secondary walls of non-lignified 
fibres and weak detection in those of xylem elements. Detail of non-lignified fibres (inset). R. 
Lichenase treatment did not alter binding of MLG-epitopes. S. After endo-β-1→3-glucanase 
pretreatment there was no MLG mAb labelling. T. After endo-β-1→4-glucanase treatment, 
MLG-epitopes were weakly bound in the secondary walls of non-lignified fibres. G, N, U. 
No primary antibody control. lf, lignified fibre; nlf, non-lignified fibre; ph, phloem; x, xylem 
elements; PL+, pectate lyase pretreatment.
 In Welwitschia, LM11 (anti-xylan) labelled the secondary cell walls 
of the xylem elements and of some cells surrounding the vascular bundle 
but not those of the non-lignified fibres (Figure 6.6C). Heteromannan-
epitopes (LM21) were not detected (Figure 6.6D). The mAb LM25, which 
recognises XXXG/galactosylated xyloglucans, bound to all primary cell 
walls, including those of the guard cells, but binding was weaker compared 
to those of the parenchyma (Figure 6.6E). After sodium carbonate treatment, 
LM19, which recognises pectic homogalacturonan with a low degree of 
esterification, bound to all the primary cell walls including those of the non-
lignified fibres (Figure 6.6F). The mAb BS-400-2 (anti-callose) bound to the 
secondary cell walls of the xylem elements and to those of the non-lignified 
fibres (Figure 6.6G). 
DISCUSSION
Our study is the first to suggest the presence of MLGs in gymnosperms, 
since we detected MLG-epitopes in secondary cell walls of Ephedra, 
Gnetum, and Welwitschia.
 Surprisingly, MLG-epitopes were still detected after lichenase 
treatment, which is in contrast to what was found in C-Fern (Chapter 4), 
Equisetum (Sørensen et al., 2008; Chapter 5), and Selaginella moellendorffii 
(Harholt et al., 2012; Chapter 5). Abolishment of BS-400-3 binding 
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Figure 6.4. Detection of glycan epitopes in transverse sections of the stem of Ephedra. A. 
Calcofluor White staining all cell walls. B. MLG-epitopes were detected in the secondary 
walls of non-lignified fibres and the smaller xylem elements (i.e. tracheids or fibre-tracheids) 
as well as in the primary walls of the pith parenchyma and guard cells. C. Xylan (LM11) 
present in secondary walls of xylem elements. D. LM21 mAb (anti-heteromannan) strongly 
bound to primary and secondary walls of xylem elements and weakly to primary walls of 
non-lignified fibres, pith parenchyma and guard cells. E. LM25 mAb, which recognises 
XXXG/ galactosylated xyloglucan, bound very weakly to primary walls of xylem elements 
and pit parenchyma. F. LM19 (anti-pectic homogalacturonan) labelled all primary cell walls 
after sodium carbonate treatment. G. Detection of callose-epitopes (BS-400-2) in secondary 
walls of non-lignified fibres. H. No primary antibody control. cp, cortex parenchyma; 
ep, epidermis; nlf, non-lignified fibre; ph, phloem; x, xylem elements; PL+, pectate lyase 
pretreatment, SODIUM+, sodium carbonate pretreatment.
after lichenase treatment generally serves as a positive control for MLG 
occurrence. Although it is generally assumed that the target sites of lichenase 
are the (1→4) bonds that immediately follow (1→3) bonds (Meikle et al., 
1994; Planas, 2000), Simmons et al. (2013) have demonstrated that this was 
not always the case as they discovered lichenase-stable hexasaccharides 
(β-D-Glcp-(1→3)-β-D-Glcp-(1→4)-β-D-Glcp-(1→4)-β-D-Glcp-(1→4)-β-D-
Glcp-(1→3)-β-D-Glc (G3G4G4G4G3G; MLG2-MLG4). A study performed 
by Dallabernardina et al. (2017) confirmed the presence of lichenase-stable 
hexasaccharides and additionally they detected a octosaccharide that was not 
completely hydrolysed. This confirms the hypothesis that lichenase is not 
able to release MLG2 fragments from the non-reducing end of MLG oligo- 
or polysaccharides (Dallabernardina et al., 2017). The fact that lichenase 
had no effect on the BS-400-3-positive polymer in Gnetales might explain 
why MLGs were previously not detected in Gnetales by lichenase-based 
biochemical tests (Popper and Fry, 2004). 
 Treatments with endo-β-1→3-glucanase and endo-β-1→4-
glucanase, on the other hand, resulted in the abolishment of BS-400-3-
binding in Gnetales. Since MLGs are β-D-glucan chains with (1→4) linkages 
and a minority of (1→3) linkages, there are many possible cleaving sites for 
the endo-β-1→4-glucanase enzyme, which is why endo-β-1→4-glucanase 
treatment abolished the binding of the BS-400-3 mAb in Gnetales. This 
was also the case in ferns and lycophytes (Chapter 4 and 5). While endo-β-
1→3-glucanase treatment resulted in the abolishment of BS-400-3 binding 
in all the studied Gnetales species, it did not have an effect on the BS-400-
3 binding in ferns and lycophytes (Chapter 4 and 5). It is likely that the 
BS-400-3-positive polymer contains relatively more (1→3)-linkages, which 
could explain why it is sensitive to endo-β-1→3-glucanase. 
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Figure 6.5. Detection of glycan epitopes in transverse sections of the leaf of Gnetum. A. 
Calcofluor White staining all cell walls. B. Strong binding of MLG-epitopes in the secondary 
walls of the non-lignified and lignified fibres. The secondary cell walls of the smaller xylem 
elements (i.e. tracheids or fibre-tracheids) were bound weakly. C. Xylan–epitopes (LM11) 
found in secondary walls of xylem elements and in the lignified fibres surrounding the 
vascular bundles. D. LM21 mAb (anti-heteromannan) labelled primary walls of the non-
lignified fibres and the primary and secondary walls of xylem elements and the lignified fibres 
surrounding the vascular bundle. E. LM25 mAb, which recognises XXXG/ galactosylated 
xyloglucan, bound very weakly to the primary walls. F. Pectic homogalacturonan (LM19) 
was detected in all primary cell walls after sodium carbonate treatment. G. Callose-epitopes 
(BS-400-2) were found in primary walls of some non-lignified fibres and in the phloem. H. 
No primary antibody control. lf, lignified fibre; nlf, non-lignified fibre; ph, phloem; x, xylem 
elements; PL+, pectate lyase pretreatment, SODIUM+, sodium carbonate pretreatment.
 Notwithstanding the fact that the mAb BS-400-3 might not be MLG-
specific (Simmons et al., 2015) or that it binds to an MLG-like polymer, its 
in situ distribution pattern is relatively consistent among ferns, lycophytes, 
and Gnetales (Chapter 4 and 5). We showed that in representatives of early 
vascular plants MLG-epitope occurrence was mostly linked to tissues that 
(may) play important mechanical roles, including sclerenchyma tissues 
and non-lignified fibres. Since MLG-epitopes do not appear to be common 
in eudicots (Willats W., pers. comm.), we hypothesise that the BS-400-3-
positive polymer may have played an important role in the evolution of 
mechanical tissues in early-diverged vascular plants. 
 In Ephedra, Gnetum, and Welwitschia, MLG-epitopes were 
detected in the secondary cell walls of the non-lignified fibres. It is has been 
reported that these fibres provide structural support and that they function 
as a mechanical defence system against herbivory (Tomlinson and Fisher, 
2005; Zwieniecki and Boyce, 2014). However, the lack of lignin makes 
it questionable if these functions are their primary roles (Zwieniecki and 
Boyce, 2014). The fibres are characterised by very thick secondary cell walls 
and if these walls were to undergo lignification, they would become hard 
and brittle, which would make the leaves more fragile. Montes et al. (2015), 
however, stated that it is likely that the non-lignified fibres in Ephedra stems 
lignify as the stems age, which likely aids in stiffening of older stems. In 
the secondary cell walls, MLGs could contribute mechanically as they 
are thought to form a gel-like matrix in between the reinforcing cellulose 
microfibrils (Kozlova et al., 2014). Such a gel-like matrix may provide a 
degree of flexibility and elasticity, unlike lignified walls. 
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 In contrast to ferns and lycophytes, where MLG-epitopes were 
restricted to non-xylary tissues, we have detected MLG-epitopes in the 
xylem of Gnetales. In Ephedra and Gnetum, we clearly observed that the 
mAb BS-400-3 bound stronger to the smallest xylem elements; either 
tracheids or fibre-tracheids. The latter xylem cell type probably functions 
in support rather than conduction. Future immunocytochemical research 
should focus on Gnetales wood.
CONCLUSIONS 
This study showed the abundance of MLG-epitopes in the secondary cell 
walls of non-lignified fibres in Gnetales. Since we can only assume that we 
have detected a lichenase-stable MLG-like polymer, biochemical analyses 
are required to confirm its presence. Moreover, as our study suggests that 
MLGs may fulfil a mechanical role in Gnetales, determination of its molecular 
fine-structure will be essential. However, conventional lichenase-based 
biochemical analyses cannot be employed since our results showed that the 
BS-400-3-positive polymer is not lichenase-sensitive. A multidisciplinary 
approach will therefore be necessary and techniques used by Simmons et 
al. (2013), which included chromatography, mass spectrometry and NMR 
spectroscopy are the most suitable to determine the fine-structure of the BS-
400-3-positive polymer. 
Figure 6.6. Detection of glycan epitopes in transverse sections of the leaf of Welwitschia. A. 
Calcofluor White staining all cell walls. B. Detection of MLG-epitopes in secondary walls 
of non-lignified fibres and weak in those of xylem elements. C. LM11 mAb (xylan) labelled 
secondary walls of xylem elements and some cells surrounding the vascular bundles. D. 
Heteromannan-epitopes (LM21) were not detected. E. LM25 mAb, which recognises XXXG/ 
galactosylated xyloglucan, bound to all primary cell walls but in lesser extent to those of the 
parenchyma. F. LM19-epitopes (pectic homogalacturonan) were detected in all primary cell 
walls after sodium carbonate treatment. G. BS-400-2 mAB (anti-callose) bound to secondary 
walls of the xylem elements and to the non-lignified fibres. H. No primary antibody control. 
nlf, non-lignified fibre; ph, phloem; x, xylem elements; PL+, pectate lyase pretreatment; 
SODIUM+, sodium carbonate pretreatment.
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This dissertation made several contributions to the general knowledge of cell 
wall diversity and evolution, particularly in relation to tissue- and cell type-
specific occurrence of mixed-linkage glucan (-epitopes). It is widely known 
that the colonisation of land by plants was accompanied by the development 
of specialised tissues such as vascular and mechanical tissues. Cell walls 
must have played a crucial role in these evolutionary events. Unfortunately, 
most cell wall research efforts have been primarily focussed on angiosperms, 
mainly due to their economic importance. Knowledge about fern cell walls 
is rather fragmentary, in most cases limited to specific plant species. This 
is illustrated by the recent interest in Equisetum L, mainly attributable to 
the discovery of mixed-linkage glucans in its cell walls (Fry et al., 2008; 
Sørensen et al., 2008).
 Nowadays, the fine-structure of cell wall polymers can easily 
be analysed but their functional role is often not or barely known. One 
approach that might provide clues to elucidate the function(s) of specific 
cell wall components is to investigate where and when they are deposited. 
Antibody-based techniques, including glycan microarray and in situ 
immunocytochemical analyses, are currently the most suitable tools to 
achieve this purpose. 
 To gain more insight into fern cell wall diversity we decided 
to focus on Ceratopteris richardii Brongn. (C-Fern) by employing the 
abovementioned techniques to assess variation in cell wall composition in 
relation to generation (gametophyte and sporophyte), organs (roots, petioles 
and leaves) or specific tissues (e.g., xylem, sclerenchyma, parenchyma) 
(Chapter 3). One of our main findings was the discovery of mixed-linkage 
glucans, which were hitherto only known to occur in the Poales and the 
fern Equisetum. Since the detection of MLG-epitopes in C-Fern was rather 
unexpected, the scope of this dissertation was broadened to include other 
plants and/or plant groups. 
C-FERN AS MODEL PLANT FOR CELL WALL RESEARCH
Although C-Fern has been used extensively as a fern model system 
(Hickok et al., 1987; for a detailed discussion see Chapter 2), its cell wall 
composition has not yet been thoroughly examined. This is surprising 
knowing that it is one of the prime candidates for becoming the first 
genome-sequenced fern species (Sessa et al., 2014). Once its genome is 
published, it will allow researchers to screen for genes that encode cell wall-
related glycosyltransferases, which are enzymes that establish glycosidic 
linkages in polysaccharides and therefore underpin cell wall synthesis and 
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modification. Comparing cell wall-related glycosyltransferases across plant 
groups will yield evolutionary relevant information.
 Plant model systems do not necessarily represent an entire 
taxonomic group in all aspects of growth and development. Indeed, in 
terms of cell wall composition, C-Fern is perhaps not the ‘best’ model to 
represent ferns. Given our results, it is evident that the composition of fern 
cell walls can be quite diverse. For instance, in leptosporangiate ferns, two 
types of sclerenchyma were detected (Chapter 5; Leroux O., pers. comm.), 
i.e. lignified (Type 1) and non-lignified (Type 2). As C-Fern contains 
Type 1-sclerenchyma, it is therefore not a suitable model for ferns with 
Type 2-sclerenchyma. Furthermore, while fern secondary cell walls are 
known to be rich in heteromannan (Harris, 2005; Popper, 2006; Leroux et 
al., 2015), mannan-epitopes were not detected in secondary cell walls of 
C-Fern sclerenchyma. Considering only these few differences, it is clear 
that “the fern cell wall” does not exist. Instead, there is a complex diversity 
of dynamic cell walls, which form a structural, 4-dimensional framework 
that underpins plant form and development. Cell wall types (type I, II, III) 
as described by Carpita and Gibeaut (1993) and Silva et al. (2011) might, 
however, still be useful. They highlight differences in cell wall composition, 
while, at the same time, provide structure in the complex chemical diversity 
of cell walls. 
SPECIFICITY OF THE BS-400-3 MONOCLONAL ANTIBODY
We have adopted an antibody-based approach to investigate the tissue- and 
cell-specific context of cell wall glycans, including MLGs. As highlighted 
in the introduction, these techniques are not without their limitations. In all 
experiments, the monoclonal antibody BS-400-3 was used to detect MLG-
polymers. We are, however, aware that this mAb might not be entirely 
specific as it has been reported that it may bind to other polysaccharides 
with (1→4)-β-glucose residues (Simmons et al., 2015). However, enzymatic 
pretreatments, which included lichenase, endo-β-1→3-glucanase, and endo-
β-1→4-glucanase digestions, were used to provide stronger evidence for 
the presence of MLGs (see Table 7.1 for a summary of the enzyme-related 
results of Chapter 4, 5, and 6). Lichenase, which is a (1→3),(1→4)-β-D-
glucan-specific endoglucanase targeting (1→4) bonds that immediately 
follow (1→3) bonds, is widely employed to digest MLG-polymers (Planas, 
2000). Abolishment of MLG-epitope binding after lichenase treatment 
constitutes strong evidence for the presence of MLGs. For instance, in 
Equisetum – the only fern species in which the presence of MLGs was 
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confirmed using different methods – lichenase digestion abolishes BS-400-
3 binding (Sørensen et al., 2008; Chapter 5). Our experiments showed that 
MLG-epitope binding was strongly reduced in the leptosporangiate ferns 
Asplenium elliottii C.H.Wright, Elaphoglossum sp., Polypodium vulgare L., 
and as well as in Selaginella moellendorffii Hieron. (Chapter 5, compare 
Figures 5.3 and 5.6), which indicates that MLGs are most likely present in 
these species. It is not clear why BS-400-3 was not completely abolished 
but reduced susceptibility for or accessibility to lichenase digestion due 
to differences in fine-structure and/or cell wall architecture are possible 
explanations. 
 Interestingly, lichenase treatments had no effect on BS-400-
3 binding in Gnetales. Moreover, in contrast to all other species studied 
(which include ferns and lycophytes) endo-β-1→3-glucanase pretreatments 
did abolish BS-400-3 binding completely. These observations indicate that 
if MLGs are present in Gnetales, they will have a distinct fine structure 
causing them to be insensitive to lichenase. In this context, it is noteworthy 
to mention that lichenase-stable MLG-related hexasaccharides have been 
detected in Poales and Equisetum (Simmons et al., 2013). This implies that 
results based on lichenase-digestion need to be interpreted with care. It is of 
interest to highlight that the BS-400-3 mAb bound to secondary cell walls 
of mechanical tissues in Equisetum, leptosporangiate ferns, Selaginella 
moellendorffii, and Gnetales. Although strong conclusions cannot be drawn 
from similarities in binding patterns, these results are, however, in favour of 
the presence of MLG (or an MLG-like component) in all species studied. 
Table 7.1. Effect of enzyme pretreatment on in situ BS-400-3-epitope detection. Key: +, 
abolishement of detection; ±, detection largely reduced; –, no effect on detection; *, except 
for Welwitschia where detection was reduced instead of abolished. 





lichenase + ± ± – 
endo-β-1®3-
glucanase – ± – + 
endo-β-1®4-
glucanase – + + +* 
 
 
MLG DETECTION IN CHEMICALLY DIVERSE SECONDARY CELL 
WALLS
Our results show that MLG-epitopes can be found in secondary cell walls 
(Figure 7.1) with different chemical compositions (see Table 7.2 for a 
comparative overview). The chemistry of MLG-epitope-rich secondary cell 
walls not only differs across but also within single plants, depending on 
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the tissues that are being considered. Indeed, while xylan-epitopes were not 
found in all fern sclerenchyma secondary walls (e.g., absent in Equisetum, 
present in C-Fern), MLG-epitopes were always detected. Moreover, with 
respect to observed variation in a single plant, MLG-epitopes were found in 
the secondary cell walls of sclerenchyma tissues in leptosporangiate ferns 
but appeared to be lacking in xylem tissue. If MLGs were to be deposited 
in cell walls that are subjected to certain levels of bending stress or flexion, 
involving compression on one side, and tension on the other, they would be 
absent in xylem secondary cell walls provided their only function is to offer 
resistance against the negative pressure of the water stream. This difference 
in (mechanical) function of secondary cell walls may further be highlighted 
by the observation that, in C-Fern, the secondary cell walls of tracheids 
differentiated close to the apical meristem, while sclerenchyma secondary 
cell walls were deposited long after elongation had ceased. In Gnetales 
(Ephedra L. and Gnetum L. in particular), contrastingly, MLG-epitopes 
were detected in secondary cell walls of the xylem (either tracheids or fibre-
tracheids). As opposed to ferns, gymnosperms may undergo secondary 
growth, resulting in secondary xylem tissues that most likely contribute to 
the mechanical stability of the plant organs in which they occur. This might 
be the case in Ephedra stems and Gnetum leaves, which both contained a 
large amount of xylem secondary cell walls. It is also of interest to highlight 
that MLGs were not always detected in the entire secondary cell wall. In 
C-Fern sclerenchyma, MLG-epitopes were not found in the inner layer 
of the secondary cell walls, while in Equisetum myriochaetum Schltdl & 
Cham., they were only detected in the innermost layer of the sclerenchyma 
cells. Taken together, these results show that attention should be given to 
developmental and functional aspects of secondary cell walls since it is 
possible that due to aging, differences in cell wall composition, which may 
include delayed lignification (e.g., in senescent plant tissues) might occur.
Table 7.2. Differences in cell wall composition in secondary cell walls with MLGs in 
Equisetum arvense, leptosporangiate ferns, Selaginella moellendorffii and Gnetales. Based 
on immunocytochemical data from this dissertation and from literature. 
*,  from Leroux et al., 2015; **, from Harholt et al., 2012.	
 Equisetum arvense Leptosparangiate ferns Selaginella 
moellendorffii 
Gnetales 
xylan absent present present** absent in fibres 
present in xylem 
xyloglucan absent absent unknown absent 
mannan absent absent in C-Fern 
present in other ferns* 
unknown absent in fibres 
present in xylem 
callose absent present unknown absent in fibres 
present in xylem 
pectins present  
(arabinan and galactan) 
absent absent** absent 
lignin absent present unknown absent in fibres 
present in xylem 
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FUNCTION OF MLGs IN EARLY-DIVERGED VASCULAR PLANT 
LINEAGES
In contrast to Poales species, in which MLGs are known to accumulate in 
coleoptiles during the elongation phase (Harris and Fincher, 2009), MLGs 
were not found in expanding tissues of C-Fern and Equisetum (Chapter 4 
and 5). Instead, in the latter species, MLG-epitopes were generally restricted 
Figure 7.1. Presence of MLG-epitopes in the secondary cell walls of Ceratopteris rchardii 
(A), Equisetum arvense (B), Polypodium vulgare (C), Selaginella moellendorffii (D), 
Ephedra distachya subsp. helvetica (E), and Gnetum gnemon (F).
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to non-xylary secondary cell walls (Chapter 4 and 5). These results suggest 
that in ferns and lycophytes MLGs may play a cell wall strengthening rather 
than a growth-related role. This possible strengthening role is, however, not 
necessarily distinctive of ferns and lycophytes as MLG-epitopes have been 
also been detected in secondary cell walls of mature tissues in some Poales 
species (Trethewey et al., 2005; Burton and Fincher, 2009; Vega-Sánchez 
et al., 2013). Although it is not known whether the presence of MLGs in 
secondary cell walls is the rule rather the exception, evidence is emerging 
that MLGs might serve multiple functions in Poales cell walls. 
 To determine the function(s) of MLGs, different experiments may 
be designed. Since MLGs have been detected in elongating as well as in 
mature senescent tissues in Poales (e.g., in barley (Burton and Fincher, 
2009) and rice (Vega-Sánchez et al., 2013)), a comparative study of the fine-
structure of MLGs in the latter tissues would be of interest. Concomitantly, 
the genes that are known to be responsible for MLG biosynthesis in both 
tissues should be identified to determine whether expression of specific 
genes is linked to specific fine-structures and functions and/or depends on 
timing and location in the plant.
 Cloning experiments can help to unravel the functional properties 
of MLGs, at least in plants for which the MLG synthase-encoding genes 
are known. For instance, Doblin et al. (2009) expressed a cloned CslH 
gene from barley (HvCSLH1) in Arabidopsis and the resulting transgenic 
Arabidopsis accumulated MLGs in some of its secondary cell walls. 
Another approach would constitute the generation of MLG-deficient 
mutants, but in order to do this, the genes that are responsible for MLG 
biosynthesis should be identified and this is not yet the case for the plants 
we investigated. In addition, redundancy/compensating effects might be a 
pitfall when interpreting the results of such experiments. This is exemplified 
by the Arabidopsis thaliana double mutant (xxt1/xxt2), in which the genes 
that encode xylosyltransferases were silenced (Cavalier et al., 2008). While 
this double mutant lacked detectable xyloglucan, it showed no severe 
growth defects (Cavalier et al., 2008; Park and Cosgrove, 2012; Cosgrove, 
2014). This outcome was not expected as xyloglucans are thought to be 
indispensable primary cell wall components. Given our hypothesis that 
MLGs may play a strengthening role in mechanical tissues, one could assess 
whether mechanical perturbation alters the presence, in situ distribution 
and relative abundance of MLG (-epitopes) in plant stems of different BS-
400-3-positive species. At this moment, it is impossible to determine the 
biomechanical role of MLGs since the fine-structure and the interactions of 
MLG are not yet known. 
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 To fully understand the role(s) of MLGs, its interaction with other 
cell wall components should also be investigated. Several studies have 
shown that MLGs interact with different cell wall polymers, depending 
on the plant species considered. While some have suggested that MLGs 
may coat cellulose microfibrils (Carpita et al., 2001), other proposed that 
in maize roots the gel-like behaviour of MLGs allows them to function as 
a filler separating cellulose microfibrils (Kozlova et al., 2014), or as in rice 
MLGs may influence cellulose deposition (Smith-Moritz et al., 2015). In 
Equisetum, on the other hand, the occurrence of MLG-xyloglucan bridges 
between the primary and secondary wall layers has been reported (Simmons 
et al., 2015). It is clear from these few examples that MLG-polymers may 
interact with different cell wall components, possibly depending on the 
species under study.
EVOLUTION OF MLGs
The cellulose synthase-like F, H, and J (CslF, CslH, and CslJ) gene families 
have been shown to encode mixed-linkage glucan synthases (Burton et al., 
2006, 2008; Doblin et al., 2009; Yin et al., 2014). It was originally proposed 
that these gene families were commelinid-specific. However, while 
orthologues of CslH were found in Pteridium aquilinum (L.) Kuhn as well 
as in basal angiosperms, CslJ was shown to be present in most dicots (Yin et 
al., 2014). Surprisingly, CslF, CslH, and CslJ were not found in the genome 
and transcriptome of S. moellendorffii and C-Fern, respectively. This implies 
that if the latter species contain MLGs, their biosynthesis is most likely not 
encoded by CslF, CslH, or CslJ genes (Harholt et al., 2012; Ying et al., 
2014). To gain more insight in the evolution of MLGs, the genes that are 
implicated in their biosynthesis in Selaginella, leptosporangiate ferns, and 
Gnetales should be identified. To this end, transcriptomes (or genomes if 
they become available) should be mined to identify these (or orthologous) 
genes and to determine if there is a link between the expression of MLG-
related Csl genes and the fine-structure, location, or function of MLGs. 
Completing this genetic story will be crucial to disentangle the evolutionary 
history of MLGs in vascular plants, and more specifically, to clarify whether 
the presence of MLGs in several lineages of vascular plants is the result of 
convergent evolution.  
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GENERAL CONCLUSION AND OUTLOOK
To the best of our knowledge we are the first to provide evidence for the 
presence of MLG (or an MLG-like component) in leptosporangiate ferns 
and Gnetales. As MLG-epitopes were largely confined to secondary cell 
walls of mechanically important tissues in Selaginella, Equisetum, and 
leptosporangiate ferns, we hypothesise that the BS-400-3-positive polymer 
(1) may functionally strengthen secondary cell walls, and (2) might have 
been important in the evolution of mechanical tissues in early-diverged 
vascular plants. Bearing the growth-related function of MLGs in Poales 
in mind, it is becoming clear that MLGs are not only molecularly but 
also functionally diverse. A multidisciplinary approach, which integrates 
immunochemical, biochemical, biomechanical and genetic data will be 
key to unravel the evolution history of MLGs in the vascular plant lineage. 
Based on our results we propose that initial (comparative) studies should 
focus on Ceratopteris richardii (C-Fern), Equisetum arvense, Selaginella 
moellendorffii, and Ephedra sinica Stapf. The Ephedra species differs from 
the species studied in Chapter 6 but it is preferably to use Ephedra sinica 






Plant cell walls are complex and dynamic structures that play many essential 
roles during plant growth and development. Cell wall research was hitherto 
mostly focused on angiosperms, mainly due to their economic importance. 
As a result, relatively little is known about fern cell walls. Therefore, 
this dissertation aimed to expand the general knowledge of fern cell wall 
diversity and evolution by investigating Ceratopteris richardii Brongn. 
(C-Fern), which is a fern model species and one of the prime candidates 
for becoming the first fern with a fully sequenced genome. As we aimed 
to study cell walls at tissue and cell-type level, we adopted antibody-based 
techniques including glycan microarray and in situ immunocytochemical 
analyses. 
First, we explored the level of variation in glycan-epitope presence and 
distribution between tissues, cell types, and structures in different organs and 
generations of C-Fern (i.e. roots, petioles, and laminae of the sporophyte, as 
well as the spores and the gametophytes). Based on the results of this study, 
we concluded that the differences in abundance and distribution of glycan-
epitopes between C-Fern gametophytes and sporophytes indicates that 
functional specialisation is reflected in the molecular design of cell walls. 
Unexpectedly, we detected mixed-linkage glucan-epitopes (MLG-epitopes). 
Hitherto, for vascular plants, MLGs were only known to occur in the Poales 
and in the fern Equisetum L. The spatio-temporal distribution of MLGs 
was assessed by performing in situ labelling experiments using the MLG-
directed mAb BS-400-3. The results indicated that MLGs were mainly 
deposited in the secondary cell walls of the non-vascular mechanical tissues 
either late during elongation or after elongation has ceased. This suggests 
that in C-Fern MLGs may play a role in cell wall strengthening. Since the 
detection of MLG-epitopes in C-Fern was unexpected, we also investigated 
their presence in a selection of leptosporangiate ferns. Binding patterns were 
shown to be similar, which further supports the hypothesis that MLGs might 
fulfil a mechanical role in fern cell walls. MLGs have also been reported in 
the lycophyte model system Selaginella moellendorfii Hieron. (Harholt et 
al., 2012), but their tissue-specific location was not yet been investigated. 
Similar to ferns, we found MLG-epitopes in the thickened cell walls of the 
mechanical tissues. In summary, our results suggest that MLG-epitopes 
might fulfil an important mechanical role in the early vascular plants (i.e. 
ferns and lycophytes). 
 Since in Poales, MLGs are continuously synthesised during 
elongation, we investigated whether MLGs were also present in the 
meristematic tissues of Equisetum arvense L. This was, however, not 
the case, suggesting that in Equisetum MLG is not a growth-associated 
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hemicellulose. 
 Based on our results, it appears that MLG-epitopes are more common 
in land plants than previously thought. This raised the question whether the 
presence of MLG-epitopes was not overlooked in seed plants. A broad-
scale comprehensive glycan microarray analysis aimed at investigating the 
taxonomic distribution of glycan epitopes across land plants, revealed a high 
relative abundance of MLG-epitopes in the leaves of Welwitschia mirabilis 
Hook.f. (Willats W., pers. comm.). We determined the tissue-specific 
distribution of MLG-epitopes in Welwitschia Hook.f. and in the closely 
related genera Ephedra L. and Gnetum L. MLG-epitopes were abundantly 
detected in the secondary walls of the non-lignified fibres and in the xylem 
(either tracheids or fibre-tracheids) of Gnetales. While MLG-epitope binding 
was not altered after lichenase pretreatment, it was abolished after endo-β-
1→3-glucanase pretreatment. If the BS-400-3-positive polymer detected in 
Gnetales is indeed MLG, it is likely that it fulfils a mechanical role similar 
to that in ferns and lycophytes. However, the presence of MLGs in Gnetales 
should be corroborated by biochemical analyses and its fine-structure should 
be determined. 
Taken together, we provided evidence for the presence of MLG in 
leptosporangiate ferns and Gnetales. Based on the spatio-temporal occurrence 
of MLG-epitopes we hypothesise that MLGs (1) fulfil a strengthening 
role in secondary cell walls, and (2) may have played an important role 
in the evolution of mechanical tissues in early-diverged vascular plants. 
To get more insight into the evolution of MLGs, future studies should aim 
to ascertain the fine-structures of MLGs and to determine the genes that 






De celwanden van planten zijn complexe en dynamische structuren die 
verschillende essentiële rollen vervullen tijdens de groei en ontwikkeling 
van planten. Onderzoek naar celwanden was tot op heden hoofdzakelijk 
gericht op bloemplanten, voornamelijk vanwege hun economisch belang. 
Dit heeft als gevolg dat er slechts weinig geweten is over de celwanden 
van varens. Het doel van deze thesis was om de algemene kennis over 
de diversiteit van varencelwanden en hun evolutie uit te breiden door 
Ceratopteris richardii Brongn. (C-Fern) te onderzoeken. C-Fern is een 
modelsoort voor varens en het is één van de kandidaten om de eerste varen 
met een volledig gesequeneerd genoom te worden. Omdat deze studie het 
doel had om celwanden te bestuderen op cel- en weefselniveau werd er 
geopteerd voor antilichaam-gebaseerde technieken zoals glycan microarray 
en in situ immunocytochemische analyses. 
Vooreerst onderzochten we de graad van variatie van de aanwezigheid en 
verspreiding van glycan-epitopen tussen weefsels, celtypes en structuren 
in verschillende organen en generaties van C-Fern (wortels, bladstelen 
en bladeren van de sporofyt alsook sporen en gametofyten). Op basis van 
de resultaten van deze studie kunnen we besluiten dat de hoeveelheid en 
de verspreiding van de glycan-epitopen tussen de C-Fern gametofyten en 
sporofyten aangeeft dat functionele specialisatie gereflecteerd wordt in het 
moleculaire ontwerp van de celwanden. Onverwachts werden eveneens 
mixed-linkage glucaan-epitopen (MLG-epitopen) gedetecteerd. Tot nu toe 
werd aangenomen voor de vaatplanten dat deze enkel voorkomen in Poales 
en in de varen Equisetum L. De spatio-temporele verspreiding van MLGs 
werd bepaald met behulp van in situ labelling experimenten die gebruik 
maakten van het monoclonale antilichaam BS-400-3 dat MLGs detecteert. 
De resultaten geven aan dat MLG-polymeren voornamelijk worden afgezet 
in de secundaire celwanden van niet-vasculaire mechanische weefsels en 
dit ofwel laat in de elongatie of wanneer elongatie reeds voorbij is. Dit 
suggereert dat MLGs een rol kunnen spelen bij de versteviging van de 
celwand in C-Fern. Aangezien de detectie van MLG-epitopen in C-fern 
eerder onverwachts was, hebben we ook een aantal leptosporangiate 
varens onderzocht op de aanwezigheid van MLGs. De gedetecteerde 
bindingspatronen waren gelijkaardig, wat de hypothese dat MLGs een 
mechanische rol vervullen in varencelwanden verder ondersteunt. MLGs 
werden ook gerapporteerd in Selaginella moellendorffii Hieron., het 
modelsysteem van de wolfsklauwachtigen (Harholt et al., 2012), maar hun 
weefsel-specifieke verspreiding was nog niet onderzocht. MLG-epitopen 
werden gedetecteerd in de verdikte celwanden van het mechanische 
weefsel, wat vergelijkbaar is met de resultaten in varens. Alle resultaten in 
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beschouwing genomen kan er aangenomen worden dat MLG-epitopen een 
belangrijke mechanische rol vervullen in de vroegste vaatplanten (varens en 
wolfsklauwachtigen). 
 Omdat bij de Poales MLGs voortdurend worden gesynthetiseerd 
tijdens de elongatie, hebben wij onderzocht of MLGs ook aanwezig zijn in de 
meristematische weefsels van Equisetum arvense L. Dit was echter niet het 
geval wat dus suggereert dat MLGs geen groei-gerelateerde hemicelluloses 
zijn in Equisetum.  
 Uit onze resultaten blijkt dat MLG-epitopen veel algemener 
voorkomen in landplanten dan voorheen gedacht. Hierdoor rijst de vraag 
of de aanwezigheid van MLGs misschien niet over het hoofd gezien is in 
sommige zaadplanten. Een breedschalige glycan microarray analyse met als 
doel de taxonomische verspreiding van glycan-epitopen in landplanten te 
bestuderen, toonde aan dat er een hoge relatieve hoeveelheid van MLG-
epitopen aanwezig is in de bladeren van Welwitschia mirabilis Hook.f. 
(Willats W., persoonlijke communicatie). We hebben de weefsel-specifieke 
distributie van MLG-epitopen bepaald in Welwitschia Hook.f. en in de 
nauw verwante genera Ephedra L. en Gnetum L. MLG-epitopen werden 
gedetecteerd in de secundaire celwanden van de niet-gelignificeerde 
vezels en in het xyleem (in tracheïden of in vezel-tracheïden). Terwijl een 
lichenase voorbehandeling geen effect had op de MLG-ep^itope binding, 
resulteerde een endo-β-1→3-glucanase voorbehandeling in het verdwijnen 
van de binding. Indien het BS-400-3-positieve polymeer dat gedetecteerd 
werd in Gnetales inderdaad een MLG is, dan is het mogelijk dat het net 
zoals in varens en wolfsklauwachtigen een mechanische rol vervult. De 
aanwezigheid van MLGs in Gnetales dient echter bevestigd te worden met 
behulp van biochemische analyses en de moleculaire substructuur van MLG 
dient bepaald te worden. 
In deze studie werd bewijs geleverd voor de aanwezigheid van MLGs in 
leptosporangiate varens en wolfsklauwachtigen. Op basis van de spatio-
temporele verspreiding van de MLG-epitopen kunnen we veronderstellen 
dat MLGs (1) een verstevigende rol vervullen in secundaire celwanden, 
en (2) vermoedelijk een belangrijke rol gespeeld hebben in de evolutie 
van mechanische weefsels in de vroegste vaatplanten. Om meer inzicht te 
krijgen in de evolutie van MLGs zullen toekomstige studies de substructuur 
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